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9Chapter 1  
Introduction 
1.1 Introduction 
Transition metals form the core of the periodic table of the elements. They constitute 
roughly 25% of all elements. Many functional properties of electronic materials are 
based on these elements. It is well accepted that magnetism is mostly based on elements 
with partially filled 3d orbitals such as Cr, Fe, Co or Ni. On the other hand, ferroelectric 
and dielectric compounds are mostly based on early transition metals with a formal d0 
character, such as Ti4+. In  the past decade this distinction between magnetically and 
electrically ordered materials has become less clear after the realization that magnetic 
spin-spirals violate inversion symmetry and thus can result in ferroelectric order [1, 2]. 
Several new mechanisms that couple magnetic and electric order have since been pro-
posed. This coupling requires a careful balance of competing parameters involving the 
crystal structure and electronic interactions. A second example of such balance exists for 
thermoelectric materials. Here a balance needs to be obtained between a large thermo-
electric power or Seebeck coefficient, a high electrical conductivity and low thermal con-
ductivity, which is traditionally obtained for small band gap semiconductors. This thesis 
investigates several materials in which the realization of desirable properties requires 
careful consideration of the balance of different interactions.
 In this thesis, we have studied the interaction of magnetism and electrical 
properties in CuCrO2, a small band gap semiconductor whose electrical conductivity 
increases significantly and magnetic structure changes on doping [3–7]. The proper-
ties of small band gap semiconductors are governed by intentional or non-inten-
tional doping by dopants, vacancies or other defects. In chapter 3 we investigate such 
defect states using both conventional transport measurements and less conventional 
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methods such as dielectric spectroscopy and Thermally Stimulated Depolarization 
Current (TSDC) measurements. The latter method is often used for semiconducting 
materials but until now has been little used for studying defects in polar materials 
such as CuCrO2. TSDC has proved to be very sensitive to states that are not observ-
able by conventional methods [8]. To further explore the CuCrO2 system, in chapter 
4 we focus on the crystallite dependence of thermoelectric performance using differ-
ent synthesis methods to vary the crystallite size. The grain boundaries can reduce 
the thermal conductivity by phonon scattering at the interfaces [9]. 
Recently, excellent thermoelectric performance was obtained for cobaltate com-
pounds, in  which the spin-entropy contribution provides a  new mechanism to tune 
the properties. In chapter 5, we investigate a new bismuth-rhodate Bi8Rh7O22, where 
rhodium is the 4d-element analogue of cobalt. Here thermoelectric properties are the 
key transport measurements in combination with crystal structure determination. 
In chapter 6, we study the dielectric response of magnetically frustrated materi-
als. Traditionally, the coupling between magnetism and the dielectric properties is 
small. In  frustrated magnetic systems, this coupling can emerge and becomes non-
trivial when competing magnetic interactions are present. Magnetic frustration can 
lead to spin glass behavior [10, 11]. However, by investigating the complex dynamics 
of a magnetically frustrated system MnSc2Se4, a spinel in which the magnetic spins are 
confined to the A-site, we observe the presence of fluctuating spin-spirals [12]. We 
show that the fluctuating spin-spirals contribute significantly to the dielectric response.
1.2 Pyroelectric current and thermally stimulated 
depolarization current
The pyroelectric effect is a phenomenon in which a change in the temperature of a mate-
rial leads to a  release of electric charge. This phenomenon results from a  permanent 
electric dipole in the unit cell of a crystal at thermal equilibrium. The pyroelectric effect 
occurs in any material that possesses polar point group symmetry. There are two sub-
groups of pyroelectrics: linear pyroelectrics for which the spontaneous polarization 
cannot be reversed by an applied electric field and ferroelectrics for which it can be 
reversed [13]. In ferroelectrics, the polar (low-symmetry pyroelectric) phase is related 
to a higher symmetry phase by means of a reversible structural displacement occurring 
at a transition temperature known as the Curie temperature TC. The high temperature 
structure is usually non-polar, which is termed paraelectric. Hence, the spontaneous 
polarization tends to decrease with increasing temperature, heading to zero at TC. 
Electrical polarization measurement methods involve either the direct mea-
surement of polarization at constant temperature (P-E loops using commercial ferro-
electric testers or Sawyer-Tower circuits) or the measurement of pyroelectric current 
(PC) with continuous temperature ramping at a constant heating rate. Although the 
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PC measurement appears to be straightforward, the results can easily be misinter-
preted, especially in the range where no phase transitions are observed using other 
measurement techniques. For instance, a PC measurement of multiferroic GdMnO3 
performed by Zhang et al. [14] showed a sharp peak corresponding to the ferroelec-
tric phase transition at 20K. An additional, broader peak that does not correspond 
to a  ferroelectric phase transition was observed at 120K. These types of PC peaks 
that do not originate from ferroelectric phase transitions are commonly observed 
in different systems such as polymers, insulators and semiconductors. Here, we refer 
to the study of these peaks as Thermal Stimulated Depolarization Current (TSDC) 
measurements [15, 16]. The experimental procedures used for a  PC measurement 
and a TSDC measurement are essentially similar: in both techniques, the material 
is poled at an elevated temperature by applying an electric field, followed by cooling 
in  applied field. Then, the current is recorded in  zero electric field while heating 
at a constant rate. In polar materials, the measured peak corresponds to the depolar-
ization current originating from the disappearance of the spontaneous polarization. 
However, in non-polar materials, current peaks can be observed due to the relaxation 
of poled defect dipoles due to the randomizing effect of increased temperatures. 
Therefore, TSDC measurements are used to obtain information about defect dipoles, 
trap charges and mobile ions in dielectrics [17, 18]. Although the TSDC technique has 
been widely used to characterize defect properties and dielectric relaxation in many 
different systems, its use in the characterization of defects and relaxation in multifer-
roic materials has only recently been demonstrated for multiferroic perovskites, as 
well as Y3Fe5O12 [14, 19–22].
1.3 Thermoelectricity
1.3.1 Introduction
Thermoelectric phenomena are related to the Seebeck effect, Peltier effect and Thomson 
effect. The Seebeck effect, in which the temperature difference between two dissimilar 
materials (∆T) joined together are directly converted to a voltage (∆V), can be applied 
for power generation. The Peltier effect, in which a voltage input through the junction 
of two dissimilar materials results in  a  temperature gradient, the direction of which 
depends on the direction of current input, is used for refrigeration devices. Figure 1.1 
illustrates the Seebeck effect and a corresponding module for the generation of electri-
cal power from a temperature gradient. The Seebeck coefficient (S) or thermopower is 
the ratio of the voltage induced to the temperature difference applied (∆V/∆T) and has 
values ranging from a few µVK-1 for metals to several hundred µVK-1 for semiconduc-
tors. Typically, most metals have half-filled valence bands, i.e. both electrons and holes 
are involved in producing thermal voltages but in opposite directions, resulting in small 
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net voltages. In contrast, doped-semiconductors can have excess electrons (n-type) or 
holes (p-type), allowing either negative or positive thermopower to dominate. When 
combined properly, the use of n- and p-type semiconductors can double the voltage 
collected. A  thermoelectric module may contain a number of p- and n- type couples 
arranged electrically in series and thermally in parallel. 
Figure 1.1 Schematics describing the Seebeck effect (a) and a module 
for power generation (b). Reproduction from [23]
1.3.2 Figure of merit
The thermoelectric performance of a material is quantified by the dimensionless figure 
of merit, ZT as follows 
 ZT = S2σT/κ = S2T/ρ(κph+κe), (1.1)
where S is the Seebeck coefficient or thermopower, σ is the electrical conductivity 
(Ω-1m-1), ρ is the electrical resistivity (Ωm), T is the temperature (K) and κ is the total 
thermal conductivity (WK-1m-1). κ is the sum of the lattice (phonon) component κph and 
the carrier (electron) component κe. The quantity S2/ρκ or S2σ/κ is defined as the figure of 
merit (Z), which should be optimized to have the highest possible value, often by doping 
a semiconductor to increase the carrier concentration and mobility. It is therefore desir-
able for a thermoelectric material to have large S, high σ and low κ. However, these three 
parameters are all functions of carrier concentration n as described in figure 1.2, and 
they vary with opposite trends. Hence, improvement of the power factor does not focus 
on increasing any of the three parameters alone but rather on optimizing them together 
to obtain the highest ZT. The lattice thermal conductivity κph is the only parameter inde-
pendent of the electronic structure of the material, thus manipulating it via the structure 
is also an effective way to increase ZT [24].
131.3 Thermoelectricity
Figure 1.2 Carrier concentration dependence of S, σ and κ parameters [25]
The efficiency (η) of a thermogenerator is defined as follows [25]: 
 η = ∆𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
�1 + 𝑍𝑍𝑍𝑍𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚 − 1
�1 + 𝑍𝑍𝑍𝑍𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚 +  𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  , (1.2)
Here, ∆T is the temperature difference between the hot end (Thot) and the cold end (Tcold), 
∆T/Thot is the Carnot efficiency and Tm is the average temperature. The efficiency reaches 
approximately 10% at ZT = 1, hence practical thermoelectric applications require materi-
als having ZT > 1 and it has been proposed that ZT should reach 3 at room temperature 
for widespread commercial purposes. 
1.3.3 Enhancing thermoelectric performance
1.3.3.1 Reducing thermal conductivity
Thermal conductivity is related to both the movement of carriers in the valence band and 
to collective thermal vibrations of the atoms, referred to as phonons. Since the carriers 
also contribute to the electrical conductivity, which should be high for thermoelectric 
materials, reducing the electronic thermal conductivity is an unpromising solution. This 
interrelation can be described by the Wiedemann-Franz relationship:
 κe  =  L0σT, (1.3)
where L0 is the Lorentz number equal to 2.45 x 10–8V2K-2, but which can vary depending 
on the temperature and material. It is clear that a reduction in κe leads to a decrease of 
electrical conductivity. In metals, thermal conductivity is dominated by free electrons 
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resulting in a very large value of κe, usually 10–100 times greater than κph, thus they are 
never candidates for thermoelectric materials. In  contrast, κe and κph are comparable 
in semiconductors. As a result, the lattice thermal conductivity plays an important role 
in achieving high ZT. Considering the phonons in the same way as molecules in an ideal 
gas, thermal conductivity due to the phonons is given by
 κ𝑝𝑝𝑝𝑝ℎ = 13𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝜆𝜆𝜆𝜆𝑝𝑝𝑝𝑝ℎ𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝ℎ  , (1.4)
where n is the number of moles per unit volume, C is the molar specific heat capacity 
of the vibrating atoms, λph is the mean free path of the phonons and νph is the velocity 
of the phonons. At high temperatures (≥ 300K), C and νph are essentially temperature 
independent in typical materials. λph is affected by :
 − Interactions with other phonons, i.e. other vibrating atoms
 − Interactions with impurities and imperfections in the crystal structure
At low temperatures, there is not much energy release, in other words only a few 
phonons are retained in the lattice leading to little interaction with each other. Since the 
energy of these phonons is low and equal to hc/λph (h: Planck constant, c: the velocity of 
light in vacuum), the wavelength associated with the phonons is large. Moreover, only 
a small number of phonons undergo weak interactions with impurities and imperfec-
tions. In contrast, at high temperatures the higher energy results in more phonons inter-
acting with each other and shorter phonon wavelengths. Thus, the interactions between 
phonons and impurities or imperfections are much stronger. λph therefore increases with 
decreasing temperature. However, the heat capacity drops at  temperatures below the 
Einstein (or Debye) temperature and is equal to zero when the temperature reaches zero 
Kelvin. It can be inferred that when reducing the temperature, κph first increases but 
then decreases and reaches zero at T = 0K. For a hypothetical situation where the lattice 
thermal conductivity is zero, equations (1) and (3) can be rewritten as





Therefore, a possible thermoelectric material must possess a minimum thermopower 
directly associated with ZT and L0. It can be inferred that for a material to attain ZT = 1, 
it is required that S = (L0)0.5 ≈ 157 µVK-1.
1.3.3.2 Increasing the Power Factor
The electrical conductivity is related to the number of charge carriers (n) and their 
mobility (µ) and is expressed by
 𝜎𝜎𝜎𝜎 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 , (1.6)
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Metals contain a  large number of carriers (free electrons), approximately n ~1022 car-
riers/cm3. The probability for these carriers to collide each other is very high, leading 
to a very short time required to scatter the electrons through the material. Metals are 
therefore considered to have low mobility. For semiconductors, the conductivity occurs 
through the contributions of both electrons and holes and these carriers must be excited 
through the band gap. More time is needed for them to scatter through the material, thus 
semiconductors have higher mobility than metals. Carrier mobility strongly depends 
on  lattice scattering (i.e. lattice vibrations) and impurity scattering. Lattice scattering 
becomes dominant at high temperatures because then the lattice vibrations are stronger. 
It is obvious that thermal conductivity and electrical conductivity are interrelated.  
Figure 1.2 shows that in metals the thermopower and the electrical conductivity 
vary in opposite fashion with carrier concentration (i.e. doping). In semiconductors, the 
carrier concentration should lie within a certain range of values to optimize ZT. This con-
cept can be explained by standard charge transport in terms of band structure. Therefore, 
a detailed understanding of the electronic structure of materials is of importance. 
Let us start with the classical Boltzmann transport theory which describes both 
electronic and thermal transport in solids. Generally, thermopower is expressed by the 
Mott equation [24]: 
 𝑠𝑠𝑠𝑠 =  𝜋𝜋𝜋𝜋23 𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵2𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑σ(𝐸𝐸𝐸𝐸)𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸 �
𝐸𝐸𝐸𝐸=𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓
 , (1.7)
Here, σ(E) is the electrical conductivity as a  function of band filling, Ef is the Fermi 
energy, and kB is the Boltzmann constant. σ(E) is proportional to the density of states 
if  electron scattering is independent of energy. Two hypothetical electron density of 
states (DOS) are shown in figure 1.3, where in the first case (a) the density of states varies 
rapidly near the Fermi energy Ef while in the second case (b) it does not. Consequently, 
a system such as (a) in which the DOS rapidly changes with a large slope would have 






large slope small slope
Figure 1.3 Hypothetical DOS near Ef with a) large slope and b) small slope [24]
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This can be expressed in terms of the band structure for broad band and narrow 
band systems. Narrow band systems are better candidates for good thermoelectrics since 
the DOS near the Fermi level changes quickly, with a sharp peak. It can be seen from 
the Mott equation (equation 1.7) that S is related to the variation of σ(E) in the vicinity 
of Ef. In  other words, the thermopower of a  material is a  measure of the asymmetry 
in electronic structure and scattering behavior near the Fermi level [24]. It is therefore 
desirable that there should be to some extent complexity in either/both the electronic 
structure or/and scattering rates in the proximity of the Fermi level. 
1.4 Magnetic frustration
Magnetic frustration (fluctuations) appears in a material when there are localized com-
peting interactions that cannot be simultaneously satisfied. This leads to a degeneracy 
of ground states in  the system and often to exotic materials properties [26]. Obvious 
cases for studies of frustration are antiferromagnets, especially those in  which the 
spins are antiferromagnetically coupled in  triangular lattices, giving rise to geometric 
frustration. Figure 1.4 shows a  simple example of a 2-dimensional Ising spin triangle 
described in terms of six ground states, in none of which can an antiparallel arrangement 
of the three spins be satisfied. Thus, spin fluctuations appear. This model shows a large 
degeneracy of ground states. At low temperatures the spins fluctuate thermally, but the 
fluctuations are still related to the ground states [27]. The spins in this situation form 
a “spin liquid”, which is analogous to an ordinary liquid. If  the spins become ordered 
at  low temperature, the frustration parameter f, the ratio between the absolute Curie-
Weiss temperature and the magnetic ordering temperature, is a measure of the degree 
of frustration. A value of f > 5–10 typically reflects the presence of strong frustration, 
resulting in the suppression of ordering [28]. 
Spin coupling can be extended to 3-dimensional frustrated lattices such as in the 
pyrochlore structure, for which the exchange interactions are much more complex. Not 
only spin degeneracy but also orbital degeneracy can occur, as reported for the A-site 
spinel FeSc2S4 [10, 29]. For spin-only A-site spinels such as MnSc2S4, the nearest-neighbour 
interactions occur between two face-centred cubic sublattices, which when combined 
with the antiferromagnetic coupling between next-nearest neighbours in the same sublat-
tice leads to the so-called ‘order by disorder’ phenomenon. This mechanism is related to 
entropic splitting of the ground states and leads to spiral states through spin correlations 
when the third-nearest neighbour interactions are considered [12]. Therefore, this system 
is characterized as a spiral-spin-liquid in the low temperature regime.
171.4 Magnetic frustration
Figure 1.4 Ising spin interactions for an antiferromagnetic triangle of magnetic 
ions shown in blue. Arrows illustrate the directions of spins. The spins are 
parallel along the axes denoted by red lines. Reproduced from [26].
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This chapter describes the main experimental techniques applied for the characteriza-
tion of structure and properties of the investigated materials. The synthesis methods 
that were used include the conventional solid state reaction, sol-gel and hydrothermal 
methods for polycrystalline materials. A flux growth method was used for single crys-
tal growth. For structural characterization, single crystal and powder x-ray diffraction 
were used to determine phase and structure. Scanning electron microscopy and energy 
dispersive x-ray spectroscopy were used to probe sample morphology and for elemen-
tal determination. The Magnetic Property Measurement System (MPMS) was used for 
magnetic measurement. The Physical Property Measurement System (PPMS), integrated 
with a  number of external electronic measurement units, was used for magnetic and 
transport measurements. 
2.1 Synthesis methods
2.1.1 Solid state reaction
Solid state reaction is a conventional synthesis method to produce polycrystalline sam-
ples from powder mixtures. Initially, stoichiometric amounts of oxides or metals are 
weighed, wet-mixed in iso-propanol and ball-milled for 1 hour to obtain a homogenous 
mixture. If the total amount of mixture is small ( < ~5 g), it is hand-mixed using a mortar 
and a pestle. The solvent iso-propanol prevents the agglomeration of the particles in the 
mixture and facilitates the grinding process. The mixture is then dried and granulated 
before it is calcined for reactions in an alumina crucible covered with a lid. If the precur-
sors are reactive to air, the powder mixture is pressed into pellets, which are calcined 
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in  a  closed evacuated quartz tube. The obtained powder or pellets are then ground, 
granulated and pressed into pellets and recalcined. This process is repeated several times 
until a single phase is obtained. The heating programs used for CuCrO2 and MnSc2Se4 
will be described in detail in chapter 3 and chapter 6, respectively.
2.1.2 Sol-gel synthesis
This method starts from a homogeneous solution containing all the cationic ingredients. 
This gives rise to mixing of the reactants on an atomic scale. Salts containing equivalent 
ions are used as the starting reactants. Since these salts are hydroscopic, the exact amount 
of water incorporated in the salt crystals must be defined using the thermogravimetry 
(TG) technique in combination with differential thermal analysis (DTA). For the syn-
thesis of CuCrO2, Cu(NO3)2.xH2O and Cr(NO3)3.yH2O were used as the precursors. On 
increasing the heating temperature, these salts decompose as follows:
Cu(NO3)2.xH2O → Cu(NO3)2 → CuO
Cr(NO3)3.yH2O → Cr(NO3)3 → Cr2O3
The final products are oxides. By measuring the weight of the initial salts and final oxide 
products, we can calculate the amount of water in  the salts. Consequently, the metal 
contents can be accurately calculated and the salts can be accurately weighed.
A mixture of Cu(NO3)2.xH2O and Cr(NO3)3.yH2O of stoichiometric cationic 
ratio was dissolved in distilled water in a beaker. Citric acid or nitric acid was added 
to the mixture with a molar ratio of acid:cation = 2:1. Then it was heated to 95° C while 
stirring well. The solution gradually became thicker and transformed to a viscous sol 
containing colloidal particles and finally, to a  transparent, homogeneous gel in  solid 
form without any crystalline phase precipitating. Before the mixture became solid, it 
was quickly transferred to an alumina crucible and was further heated in the furnace 
at 200° C to remove water and transformed to a gel. The obtained foamy solid gel was 
crushed into powder and was then fired at 650–850° C to remove nitric oxides and to 
crystallize the CuCrO2 particles.
2.1.3 Hydrothermal method
This method uses an aqueous solution of reactants, heated at high pressures and moder-
ate temperatures. Water acts as a  solvent and medium for pressure transmission. The 
solubility of the reactants is pressure and temperature dependent. 
In order to obtain small CuCrO2 particles, Cu2O and Cr(NO3)3.xH2O were used as 
the reactants. Cr(NO3)3.xH2O was dissolved in water while Cu2O was dissolved in NaOH 
solution separately. When fully dissolved, they were mixed in  the same beaker. Water 
and solid NaOH were added and stirred well to obtain a homogeneous solution with the 
desired NaOH concentration. Ethylene glycol was used as a surfactant to avoid agglom-
eration of the particles. The concentration of Cu2O was varied from 0.25–3 mmol/l. The 
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mixture was transferred to a Teflon container which then was put into a steel bomb and 
sealed well. The bomb was heated in the furnace to 190–220° C for 60 hours. It was then 
cooled naturally to room temperature in  the furnace. The mixture after reaction con-
tained a powder with small particle size. It was washed with distilled water until the pH 
reached 7 and then washed with ethanol. The wet powder was dried in an oven at 120° C. 
2.1.4 Flux growth technique
Crystal growth has been achieved using different techniques in  solid, vapour, melt and 
solution media. In the scope of this thesis, crystals were grown in solution only. Solution 
growth can be classified into hydrothermal, gel, low temperature and high temperature 
growth methods. In  solution, the crystals grow at  much lower temperature than their 
melting point, therefore, it is useful especially for growing crystals with high melting 
temperatures. 
The flux growth technique involves crystal growth from molten solvents, which 
are in solid form at room temperature. Solvents, which are salts, metals, oxides (B2O3, 
Bi2O3), hydroxides (KOH, NaOH), or eutectic binaries with low melting points, are the 
solutions for crystals to grow under supersaturation conditions. These solvents/solutions 
are called fluxes.  A few requirements should be noted for fluxes: they should not react 
with the reactants and the crucibles, they should be easy to separate from the crystals 
and there should be a large difference between their melting and boiling temperatures. 
However, the self-flux method is an exception because the flux is one of the reactants and 
thus, becomes a component of the crystal composition. 
In chapter 5, Bi8Rh7O22 single crystals were grown using the self-flux method 
from Bi2O3 flux and CuRhO2 powder. Bi2O3 has a melting point of 817° C and a high 
boiling point of 1890° C. CuRhO2 is decomposed above 1150° C in air [1], however, it 
dissolves at  lower temperature in  the molten Bi2O3 flux. On cooling slowly, Bi8Rh7O22 
crystallized as black shiny flakes of crystals. They were separated from the solid flux 
by dissolving the batch in a warm HNO3 solution. The flux reacts with acid leaving the 
crystals intact. They were then washed with water and finally with ethanol. 
2.2 Structural and chemical characterization
2.2.1 Powder X-ray diffraction (PXRD)
The PXRD method is commonly used for phase determination and structural refine-
ment of powder polycrystalline samples. The measurements were carried out with 
a  Bruker D8 Advance diffractometer operating in  Bragg-Brentano geometry (CuKα). 
This results in  both high resolution and high intensity of the diffracted beam. The 
diffraction intensities were obtained by scanning from 10 to 1000 with 0.020 steps and 
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1 second integration time per step. Phase analysis was performed by Rietveld refinement 
using the software suite GSAS (General Structure Analysis System) by A.C. Larson and 
R.B. Von Dreele, Los Alamos National Laboratory Report LAUR 86–748 (2004) [2]. An 
X-ray profile fitting program (XFIT) was used to estimate the crystallite size from the 
diffraction peak widths by fitting the peaks using pseudo-Voigt (PV) and split Pearson 
(PVII) functions. An emission profile (LAM) was used to model the CuKα1/α2 splitting 
of the peaks, which were then numerically convoluted with Gaussian and Lorentzian 
functions simultaneously.
2.2.2 Single crystal X-ray diffraction
Single crystal X-ray diffraction (SXRD) is a  powerful and non-destructive analytical 
technique for precise determination of unit cell information including unit cell dimen-
sions, bond-lengths, bond angles and atomic positions within the lattice. It differs from 
PXRD in that the intensity of the spots is individually measured for each set of Miller 
indices hkl while in PXRD all the symmetry-equivalent reflections have the same d spac-
ing leading to the superposition of individual intensities.
SXRD data were collected at 100K using a Bruker D8 Venture operating with Mo 
Kα radiation and equipped with a Triumph monochromator and a Photon100 CMOS 
area detector. This detector benefits from a  fast read-out Active Pixel Sensor (APS) 
instead of the CCD sensor of earlier models. The CMOS APS provides a  large active 
area (100 cm2), high sensitivity and is air cooled. The sample was mounted in a nylon 
loop using cryo-oil and cooled using a  nitrogen flow from an Oxford Cryosystems 
Cryostream Plus. The data were processed using the Bruker Apex II software. The struc-
ture was solved using direct methods and refined using the SHELXTL software [3]. For 
Bi8Rh7O22, a crystal of dimensions 40 × 20 × 10 µm was selected for the measurement; 
larger crystals displayed significant smearing of the diffraction spots, which prevented 
solution of the structure. A long exposure time of 5 min/frame was necessary in order to 
obtain sufficient diffracted intensity to ~0.7 Å resolution.
2.2.3 Scanning electron microscopy (SEM) and energy-dispersive 
X-ray spectroscopy (EDS)
The SEM technique provides morphology images using a focused high energy electron 
beam which interacts with the sample surface [4]. The interaction causes a number of 
signals of electrons on the sample surface. Among these signals, secondary electrons are 
used for morphology imaging; backscattered electrons are useful to increase the image 
contrast between different phases and compositions in the sample, although the resolu-
tion is reduced. The morphology of Bi8Rh7O22 single crystal and CuCrO2 polycrystalline 
samples was investigated using a Philips XL-30. For good contrast and resolution, the 
surface of the polycrystalline sample in pellet form has to be ground with fine 1600 SiC 
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paper. Thermal etching of the sample can help to reveal grain boundaries. Since CuCrO2 
is non-conductive, it was covered with a conducting layer (carbon or metal) by sputter-
ing to enhance the number of electrons collected. 
The signals from the electron-sample interaction include emitted fluorescent 
x-rays which are used for elemental analysis. An EDS analyzer is integrated with the 
Philips XL-30 for qualitative and quantitative analysis of the elements on  the sample 
surface, although quantitative analysis based on SEM is not highly precise. A line scan 
can also be performed to investigate the elemental distribution on the sample surface. 
2.2.4 Transmission electron microscopy (TEM)
Since the particles were too small to be imaged clearly by SEM, a JEM 2010F transmis-
sion electron microscope, operating at an accelerating voltage of 200 kV, was used for 
visualization of the particle size and morphology. The particles were dispersed in a few 
drops of iso-propanol solvent on a thin transparent lamella. This measurement was done 
by G. ten Brink.
2.2.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also referred to as Electron Spectroscopy 
for Chemical Analysis (ESCA), is a well-known surface analysis technique to quantify 
the chemical composition and to provide chemical oxidation state information on the 
sample surface to a depth of more than 5 nm with good resolution. Typically, a focused 
x-ray beam excites the sample surface and gives rise to the emission of photoelectrons. 
The binding energies of these photoelectrons are measured using an electron energy 
analyzer. Therefore, we can determine the identity of the element, its chemical oxidation 
state and its quantity.
A small number of single crystals of Bi8Rh7O22 were dispersed on  a  sample 
holder, covered with a gold grid to prevent sample loss in the ultrahigh vacuum chamber. 
XPS data were recorded using a Surface Science SSX-100 ESCA instrument equipped 
with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) with a working pressure of 
~10–9 mbar. The energy resolution was set at 1.28 eV. The binding energy was referenced 
to the C 1s photoelectron peak centered at 284.6 eV [5] originating from carbon con-
tamination. Curve fitting was performed with linear or Shirley background subtraction. 
Peak deconvolution was performed considering the instrumental resolution, thus, the 
full width at half maximum of the peak was set to be higher than 1.28 eV.
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2.3 Magnetization measurement
The Quantum Design MPMS-XL7 (Magnetic Property Measurement System) magne-
tometer uses a Superconducting Quantum Interference Device (SQUID) to characterize 
the magnetic properties of samples by monitoring the changes in magnetic flux as the 
sample is moved through the detection coil. It can detect magnetic moments as small as 
10–7 emu. It allows magnetization measurements between 1.8K and 350K with a maxi-
mum magnetic field of ± 7T. 
A sample in pellet form was placed horizontally inside a straw attached to the 
sample probe. The cooling process was performed in zero field cooled (ZFC) and field 
cooled (FC) (1000 Oe) modes. The measurements were carried out in field (1000 Oe) 
on heating to 300K. 
2.4 Measurement of transport and thermoelectric properties
2.4.1 Capacitance 
The dielectric properties of a material can be thought of as its polarizability when an 
electric field E is applied. In dielectrics the positive and negative charges can only shift 
slightly from their equilibrium positions, causing a dielectric polarization P. The electric 
susceptibility χ expresses the polarizability in response to an applied electric field by the 
relationship P = ε0.χ.E where ε0 is the electric permittivity of free space. Making use of the 
charge storage behavior, the characterization of capacitance is performed on a plate-like 
sample whose two surfaces are covered with conducting layers. Capacitance measure-
ment is meaningful only for materials with low electrical conductivity such as dielectrics, 
in which the dielectric loss is low.
With a  vacuum between the conducting plates separated by a  distance d, the 
capacitance C0 is defined as C0 = ε0A/d where A is the surface area of the plates. If the 
vacuum is replaced by a dielectric substance and the same voltage is applied, the amount 
of stored charge increases and the capacitance also increases from C0 to C. The dielectric 
constant ε is then defined as ε = C/C0 or capacitance C = ε.ε0.A/d.
For practical capacitance measurement, two sides of a  sample in  pellet shape 
were covered with either silver paint by hand or gold by sputtering using an Edward 
Sputtering Coater. The sample was then aged in the oven at 120° C for 2 hours. The pellet 
was placed vertically on a sapphire platform on the sample holder so that Pt wires could 
be connected to both surfaces of the pellet without touching the platform, as in figure 
2.1. The measurement was performed in the Physical Properties Measurement System 
(PPMS) for temperature control under cryogenic conditions. The capacitance of the 
sample was measured in  the frequency range of 100 to 106 Hz using a Precision LCR 
meter Agilent 4980A integrated with the PPMS. 
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Figure 2.1 A sketch of capacitance measurement
2.4.2 Pyrocurrent 
A potential difference applied across a dielectric material causes a polarization of charge. 
The polarization disappears when the electric field is removed. Ferroelectric materi-
als are considered a  special type of dielectric such that even after the electric field is 
removed, they still retain a large residual polarization of charge. Pyroelectric measure-
ment is a method to determine the onset of electrical polarization and its magnitude 
in ferroelectrics.
For pyroelectric current measurement, either silver or gold electrodes were made 
on the pellets, which were then aged in the oven at 200° C for 2 hours. Electrical contacts 
were made on the surfaces using silver paint and Pt wires. The pellet was placed vertically 
on a sapphire platform on the sample holder. A poling electric field was applied to the 
sample at different temperatures, maintained while cooling at a rate of 5K/min to align the 
electric dipoles, and then removed at 5K. Stabilization of the polarization P was reached 
after 1.5 to 2 hours of shorting the circuit. The current in the circuit was then recorded 
during heating at a rate of 1–10K/min. using a Keithley 6517A electrometer. The current 
was measured in the direction from the electrode at the negative side of the polarization 
to the electrode at the positive side. Thus, the negative-electrode side was also connected 
to the negative terminal of the electrometer for measuring the PC as shown in figure 2.2. 
Figure 2.2 Schematic drawing of wire connection for (a) poling 
the sample and (b) measuring the pyroelectric current
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2.4.3 Electrical resistivity
For accurate determination of electrical resistivity, 4 – point measurements are usually 
applied to eliminate contact and lead resistance. This is especially of importance for 
resistivity measurement of semiconductor materials, which involve measuring low volt-
ages. Depending on the shape, geometry and characteristics of the material and sample, 
either the Van der Pauw technique or Kelvin method can be used. If the sample size is 
small, e.g. a small single crystal, 2-point measurement is preferred.
2.4.3.1 Van der Pauw technique
This method has been proved suitable for the resistivity measurement of semiconduc-
tors. However, it can also be used for determining the resistivity of superconductors and 
metal foils [6]. The sample is preferred in a cloverleaf shape (figure 2.3a) but is acceptable 
in square or rectangular shapes (figure 2.3b). All contacts should be at the edges (clover-
leaf) or at the corners (square and rectangle). Contacts at the edges or inside the perim-
eter of the square or rectangle (figure 2.3c) are not recommended and can lead to errors 
in measurement. Nevertheless, the Van der Pauw method can in general be applied for 
samples of arbitrary shapes that are homogeneous in thickness without isolated holes 
on the surface. Contacts are at the circumference of the sample and should be small.
Two adjacent contacts were used for sourcing voltage and measuring current using 
a Keithley source 236. An Agilent 3458A electrometer was used to measure the voltage 
generated through the other two contacts. The Van der Pauw technique results in a sheet 
resistance Rs (Ω/m) that is related to the resistivity ρ by ρ = Rs.d where d is the thickness. 
Figure 2.3 Contact geometries in Van der Pauw technique
2.4.3.2 Kelvin method
The 2-point method can give rise to noticeable errors for low resistance samples because 
the lead resistance is included in the measurement. The significant voltage drop across 
the lead resistances is not taken into account and will cause measurement errors. This 
is important, especially for samples with a  resistance lower than 100Ω while the lead 
resistance is in the range of 10mΩ to 1Ω. The four-point Kelvin method is therefore pref-
erable for low resistance measurements because the effect of lead resistance is negligible. 
292.4 Measurement of transport and thermoelectric properties
The configuration is shown in figure 2.4 and the sample has a bar shape. Voltage or cur-
rent is sourced on the outer contacts 1, 4 and the voltage drop throughout the sample is 
measured on the two inner contacts 2, 3. The small current, which may flow through the 
inner contact leads, is negligible and the measured voltage drop represents the voltage 
across the sample. As a result, the resistance of the sample is accurately determined. 
Figure 2.4 Measurement configuration of Kelvin method.
The current/voltage was sourced using a Keithley 237 which can source voltages as small as 
10–6 V and is sensitive to currents as small as fA. The voltage drop was measured through 
contacts 2 and 3 using an Agilent 3458A multimeter with resolution in the nV range. 
2.4.4 Seebeck coefficient 
The Seebeck coefficient S of a material is defined as S = ∆V/∆T where ∆V is the volt-
age increase or decrease when there is a  temperature gradient ∆T across the sample. 
This voltage difference can be measured, and with a known temperature difference, the 
Seebeck coefficient is calculated. The Seebeck coefficients of thermocouple metals and 
alloys are reported in [7]. In this thesis, the Seebeck coefficient of a sample was mea-
sured indirectly by comparison with that of the reference (constantan) integrated in one 
setup compatible with PPMS (figure 2.5). The sample and the reference have the same 
temperature gradient from a heat source generated by a heat resistor. When sourcing 
a voltage to the resistor using a Keithley 237, heat is transferred to the hot sink, and the 
sample and the constantan wire are heated up with the same thermal gradient ∆T. The 
voltage difference of each material was measured using separate multimeters, HP 3458A 
for the sample and Agilent 3458A for the reference. With a known Seebeck coefficient 
of the constantan reference, ∆T is determined. As a result, the Seebeck coefficient of the 
sample is calculated.
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Figure 2.5 A setup for Seebeck coefficient measurement compatible with the PPMS
2.4.5 Thermal conductivity
The coefficient of thermal conductivity κ is a measure of the rate at which heat flows 
through a material with an applied thermal gradient. It is defined as
 𝑘𝑘𝑘𝑘 =  𝑄𝑄𝑄𝑄 𝐴𝐴𝐴𝐴�∆𝑇𝑇𝑇𝑇
∆𝐿𝐿𝐿𝐿�
  (2.1)
where Q is the amount of heat (W) passing through a cross section A and associated with 
a temperature difference (∆T) over a distance of  ∆L. Q/A is the heat flux which is causing 
the thermal gradient (∆T/∆L). 
Consequently, the measurement of thermal conductivity always involves the 
measurement of a heat flux and temperature difference. If  the measurement is direct, 
i.e. the heat flux is measured by measuring the electrical power going to the heater, it is 
known as the absolute method. An indirect measurement is done by comparing the tem-
perature difference with a reference sample and is known as the comparative method. 
The thermal conductivity can alternatively be measured by transient heating of an iso-
tropic material with a known heating power and measuring the temperature change with 
time. In all cases, the entire heat flux must be uniaxial, i.e. heat flows through the sample 
(and the reference in the comparative method). As a result, heat losses or heat gains must 
be minimized in the radial direction. The transient technique, known as the non-steady 
state method, measures the signal as a function of time. Thus the measurement can be 
performed more quickly because it is unnecessary to wait for a steady-state situation. 
However, the mathematical data analysis is more involved.
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For the transient line source method, the physical model is given by an infinite 
line source with constant power per unit length. The temperature is measured at a point 
at fixed distance. At any time t after heating has started, the temperature T is related to 
thermal conductivity κ by
 T = (Q/4πκ)ln(t) + C  (2.2)
where Q is the power per unit length (W/m).
Since κ is a  function of temperature, it can be approached only by a  sufficiently 
large heating duration so that the measurement curve is linear and the imperfections of the 
experiment can be ignored through the constant C. It is therefore important to determine 
the time constant (or time interval) which helps to decide how long each measurement 
should be performed. In practice, it is difficult to choose an optimum time interval because 
it differs from measurement to measurement depending on both the material characteris-
tics and the temperature at which the measurement is performed. The proper way to find 
the time interval for a specific material is to perform the measurement for a long enough 
duration of time and obtain it from a visual examination of the ln(t) vs. T plot. In general, 
more time is needed at higher temperature for measurements to approach equilibrium.
Home-made setup 
A home-made thermal conductivity setup was designed for use with the PPMS. The 
advantage of this system is that the PPMS can generate a vacuum environment so that 
heat loss to the surroundings is minimized. More importantly, the setup was designed 
using only one thermocouple attached on  the top of the sample. The disadvantage, 
however, is the temperature limit of the measurement at  320K. This is an important 
drawback because for an oxide thermoelectric material like CuCrO2, high temperature 
applications are more favorable. 
Small strain gages were used as heaters and small currents were applied. The 
original function of a strain gage is a sensor whose resistance varies with strain caused by 
force, pressure, tension, weight, heat, etc. Therefore, changes in the resistance can easily 
be measured. In  this setup, the strain gage is connected to an electric circuit and the 
current is applied forming a heat source. Heat is then transferred to the sample through 
a copper wire and causes the temperature of the sample to increase. Temperature changes 
in time are measured by the voltage changes of a chromel-alumel thermocouple which is 
attached to one end of the sample.  
Figure 2.6a shows a schematic picture of the 2 heaters/1 thermometer configu-
ration. The alternative 1 heater/2 thermometers configuration requires more extensive 
calibration of the thermocouples. S is the sample in a bar shape, H1 and H2 are two 
heaters which are connected by copper wires W to two positions of the sample with 
a length difference ∆L, and T is the thermocouple. The heater is connected to a Keithley 
source- measure- unit in a 4-point geometry: current is sourced and voltage is measured 
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using different wires to determine the resistance change of the heater. This way, power is 
accurately administered to the heater. The multimeter records the voltage changes from 
the thermocouple with respect to time, which corresponds to temperature changes of the 
sample. A picture of the setup is shown in figure 2.6b with two strain gages as heaters. 
Figure 2.6 Schematic illustration of the thermal conductivity set-up (a), 
set-up using strain gage (b) and set-up using ceramic heaters (c).
The strain gages cannot be heated above 500K because they are covered by plastic. An 
applied current above 10mA can result in the destruction of the strain gage. At 300K, 
DΤ is only about 0.35K when 10mA is applied. Therefore, ceramic resistors (1kΩ) were 
used to replace the strain gage (figure 2.6c). A higher vacuum was generated to reduce 
heat loss by using a turbo pump, which reduces the pressure from 10–1 mbar to 10–5mbar. 
At pressures lower than 5x10–4 mbar, the temperature gradient across the sample is pres-
sure independent, meaning that the thermal conductivity approaches the intrinsic value. 
Working in high vacuum, the measured thermal gradient of the test sample increases by 
a factor of 2 compared with low vacuum. Therefore, the measurements were done with 
a pressure below 5x10–4 mbar. The measurement was tested on a standard borosilicate 
glass reference. The thermal conductivity of the glass reference was consistent with the 
reported result in the handbook. The wiring was designed such that the thermal conduc-
tance of the wiring of the thermocouple and heaters was less than a few percent of the 
thermal conductance of the sample.
2.4.6 High temperature Seebeck and electrical resistivity
A Linseis LSR-3 (figure 2.7) was used to measure simultaneously electrical resistiv-
ity and Seebeck coefficient from 300K to 800K. Measurements can be performed 
on a cylindrical sample (~10mm diameter) or a bar (~10mm in  length). Figure 2.7b 
shows the opened heating chamber, in which the sample is mounted and the thermo-
couples are connected. Figure 2.7c shows the differential thermocouples (1 and 2), the 
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thermocouple probes (3 and 4) and how a bar sample is mounted (5). Decomposition 
or melting temperatures have to be checked by thermal analysis to decide the maximum 
measuring temperature. 
Figure 2.8 illustrates the inner part of the furnace. A sample is put in a verti-
cal position between the electrodes. The primary furnaces provide a fixed temperature 
in the furnace at which a measurement is taken. Once a specified temperature is reached, 
a temperature gradient is generated by activating the secondary heater in the lower elec-
trode block. The Seebeck coefficient is determined by measuring temperatures T1 and 
T2 by the thermocouples simultaneously with the electromotive force between the same 
wires. Electrical resistance is measured using the 4-point Kelvin method.
Figure 2.7 Photographs of a Linseis LSR-3: (a) the closed system, (b) the heating chamber 
when opened, and (c) configurations of thermocouples and sample. Labels in (c) are: 
1) differential thermocouple upper side, 2) differential thermocouple lower side, 3) top 
thermocouple probe, 4) bottom thermocouple probe, and 5) a sample in bar shape.
Figure 2.8 Schematic illustration of heating units of a Linseis LSR-3 [8]
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Chapter 3
Magnetic and transport 
properties of CuCrO2
3.1 Introduction 
Layered 3d metal delafossite oxides are well known as transparent conductive oxides 
applied in optoelectronic devices. Among them, Cu delafossites have received consider-
able attention for their p-type conductivity and good hole mobility. The general formula 
of a  delafossite compound is ABO2 in  which A  is monovalent and B is in  the triva-
lent state or can consist of charge compensated pairs, e.g. B2+/B4+. In this structure, the 
A cation is linearly coordinated to two oxygen ions. Typically, the A cations include Pt, 
Pd, Ag or Cu. The B cation is located in distorted edge-shared BO6 octahedra and can be 
either a p-block metal cation such as Al, Ga and In, a transition metal cation such as Fe, 
Co, Cr, Y and Rh, or a rare earth such as La, Nd and Eu. 
The delafossite structure is formed by two alternating layers: a triangular layer of 
A cations and a layer of edge-sharing BO6 octahedra that are compressed with respect to 
the c-axis. Depending on the stacking of the layers, the delafossite structure can form one 
of two polytypes. By stacking the double layers such that successive  A layers are oriented 
by 1800 relative to each other, the hexagonal 2H structure is formed with the space group 
P63/mmc. The trigonal 3R polytype is formed when successive A layers are oriented in the 
same direction relative to one another but are offset from each other in  a  three layer 
sequence with the space group Rm. Figure 3.1 describes both polytypes of the delafossite 
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structure. 2H-CuCrO2 single crystals can be prepared by quenching the 3R crystals from 
~11000C [1, 2]. The 2H phase transforms to 3R when it is reheated above 10400C [1]. It is 
reported that the pure 2H phase cannot be obtained in powder form.
Recently, hydrothermal synthesis has been used to prepare both the 2H and 3R 
phases, and the purity of each phase depends on the concentration mineralizer, the tem-
perature, the reaction time and the ratio between the precursors [2]. Nevertheless, only 
x-ray diffraction studies of the two polytypes have been reported [3]. Since it is difficult 
to synthesize a powder with the pure 2H phase, the magnetic and transport properties 
of 2H-CuCrO2 are not investigated here. The R3�  m form of CuCrO2 is antiferroelectric 
below a phase transition at ~24K. Two magnetic phase transitions have been reported 
at TN1~ 23.6 and TN2~ 24.2K from specific heat and magnetization measurements per-
formed on a flux-grown single crystal sample [4]. However, specific heat measurements 
performed on a polycrystalline sample prepared by solid state reaction in air only showed 
one transition at 24K [5] or 24.2K [6]. There are thus variations in specific heat curves 
for different samples that depend on the sample preparation method and the nature and 
density of defects. The high temperature peak for the single crystal sample was broader, 
which was argued to reflect the presence of 2D correlations above the 3D magnetic 
ordering at  23.6K. Analysis from neutron diffraction data revealed a  fully 3D proper 
screw AF structure below 23.6K in the triangular sublattices  and 2D AF order between 
23.6 and 24.2K [7]. However, a recent study [8] concluded that there is only one transi-
tion at 23.5K from high resolution neutron spectroscopy, regardless of the observation 
of two specific heat peaks. The authors argued that the broad peak in specific heat that 
occurs in geometrically frustrated magnet like CuCrO2 does not indicate a true magnetic 
phase transition due to the frustration effect. In fact, both of the specific heat maxima 
that are measured in anisotropic Heisenberg antiferromagnetic systems have been pre-
dicted by Monte Carlo simulation [9]. The second broad peak only represents the onset 
of two-dimensional correlations in the planes, not a true magnetic phase transition.
Figure 3.1 The delafossite structure:  (a) 3R polytype, R3� m space group 
symmetry and (b) 2H polytype, P63/mmc space group symmetry [10]
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The AF triangular lattices formed by Cr3+ ions are responsible for the induced 
ferroelectricity due to the breaking of inversion symmetry by the out-of-plane 120° spin-
chiral structure below TN1 [4]. Thus, CuCrO2 presents spin induced ferroelectricity, i.e. 
polarization is observed below TN1 in  the absence of magnetic field. The ferroelectric 
polarization reversal can be finely tuned by both magnetic and electric fields [4, 11]. 
The compound is termed multiferroic since there is a spin-charge coupling between the 
magnetic and electric orderings over a small temperature range. It enters the multiferroic 
state in zero field at the magnetic transition. The magnetic structure in the multiferroic 
phase is an incommensurate proper-screw. CuCrO2 is essentially a Type II multiferroic 
(or “improper” ferroelectric) because the polarization develops below the magnetic 
ordering temperature at 23.6K [7]. 
CuCrO2 is a p-type semiconductor, with an electrical conductivity of the order 
of MΩ.m at low temperatures near the phase transition. It is difficult to obtain precise 
values for the electrical conductivity since the material is not ohmic at low temperatures: 
the I-V curve is “S” shaped instead of showing a linear relation. Capacitance measure-
ments are helpful to explore the ferroelectric transition and the dielectric properties of 
this material. As a ferroelectric, it is expected to exhibit an anomaly at the phase tran-
sition temperature in a pyroelectric current measurement. This method is suitable for 
both pyro- and ferroelectric materials when the inversion symmetry is restored on heat-
ing the material through the polar ordering temperature. However, thermally stimulated 
depolarization currents can also be detected in non-polar materials, such as in dielectric 
materials exposed to an external electric field, in secondary pyroelectrics [12] and even 
in non-piezoelectric materials that exhibit the flexoelectric effect [13–15]. 
3.2 Synthesis 
Polycrystalline CuCrO2 was synthesized using solid state reaction method. A stoichio-
metric mixture of CuO and Cr2O3 oxides was calcined in  an alumina crucible in  air 
at 12000C for 12 hours. The obtained powder was then ground and pressed into pellets 
of 5mm in diameter and ~1mm in thickness. The pellets were recalcined under the same 
conditions. This process was repeated several times until a single phase was obtained. 
The PXRD pattern and corresponding structural refinement of polycrystalline 
CuCrO2 (figure 3.2) after three calcination steps confirms that the sample was a single 
phase of the delafossite structure with space group  and refined lattice parameters 
a  =  2.97528(5) Å, c = 17.1072(32) Å at room temperature, which is consistent with other 
studies [4, 16, 17]. SEM images (figure 3.3) revealed that the particle size is between 
1–5µm. The EDS analysis verified a Cu/Cr ratio of ~1 which indicates that the oxygen 
vacancy concentration is negligible.
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Figure 3.2 Measured (blue crosses) and fitted (red solid lines) PXRD pattern 
of polycrystalline CuCrO2. The black line represents the difference between the 
measured and the calculated data and is offset from zero for clarity.
Figure 3.3 SEM image of polycrystalline CuCrO2 sample sintered at 12000C for 12 hours
3.3 Magnetic properties 
Figure 3.4 shows the temperature dependence of the magnetic susceptibility χ of poly-
crystalline CuCrO2 from 2 to 300K. The sample was cooled in zero field and the measure-
ment was performed on warming in an applied field of 1000 Oe. The inset magnifies the 
measurement in a small temperature range of 10–40K. We can clearly see an anomaly in χ 
at TN ~ 24K that corresponds to an antiferromagnetic transition. Above 150K, χ is well 
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described by the Curie-Weiss law. The fitting of the reciprocal susceptibility versus tem-
perature in the range 200–300K gives a Weiss temperature of 200.7 ± 1.4 K, consistent with 
AF behaviour below TN ~ 24K and with previous studies [5, 18]. The effective moment µeff 
~ 4.08 ± 0.07 µB is close to the theoretical value of 3.87 µB for high spin Cr3+ with S = 3/2.
Figure 3.4 Temperature dependence of magnetic susceptibility and reciprocal susceptibility of CuCrO2
3.4 Dielectric properties
Figure 3.5a presents the temperature dependence of the capacitance and dielectric loss 
of CuCrO2 with silver electrodes between 5 and 50K. We can observe a clear step in the 
capacitance at TN~24K due to the magnetic phase transition. The dielectric loss also shows 
a peak at 24K superimposed on a trend that increases with temperature. Measurements 
at  lower frequencies lead to higher capacitance values obtained with a  difference of ~ 
2.5% between 1 kHz and 100 kHz in the vicinity of 24K. Nevertheless, the phase tran-
sition temperature is exactly the same in  all these measurements. The observation of 
a dielectric step indicates spin-charge coupling. Figure 3.5b shows the same measurement 
up to 300K at 100 and 700 KHz. The capacitance rises sharply to very high values at high 
temperatures and relaxes at low temperatures. The temperature at which the relaxation 
occurs is frequency dependent, it shifts to lower temperatures at lower frequencies. We 
also observe clearly the relaxation peaks from the frequency dependence of the dielectric 
loss. The dielectric loss peak also shifts to lower temperature at lower frequencies.
As a polycrystalline sample, CuCrO2 may contain small inhomogeneous areas 
that can influence the resistivity and capacitance. The temperature dependence of the 
capacitance (figure 3.5b) shows the presence of a  relaxation type behavior. Since the 
capacitance rises sharply at high temperatures, this might result from a Maxwell-Wagner 
relaxation involving space-charge dipole relaxation and is discussed in section 3.5. 
3. Magnetic and transport properties of CuCrO240
 
Figure 3.5 Temperature dependence of capacitance and dielectric loss: 
(a) 5–50K at 100 kHz; and (b) 5–300K at 100 and 700 KHz
Figure 3.6a and b show the frequency dependence of the dielectric constant and 
imaginary permittivity at different fixed temperatures, respectively. We observe that the 
dielectric constant ε’ decreases with increasing frequency. At temperatures below 120K, 
ε’ is frequency independent with a low value of ~8 at high frequency > 103 Hz. However, 
in  high temperature range above 200K, ε’ is frequency independent with high values 
of  > 5000 at lower frequencies < 103 Hz. The frequency-independent range extends to 105 
Hz at room temperature but then the dielectric constant drops drastically to much smaller 
values at higher frequencies. From 200K upwards, we observe a step-like decrease of ε’ 
at a frequency where ε’’ exhibits a relaxation peak. This relaxation peak shifts to higher 
frequencies with increasing temperature. In addition, below the relaxation frequency, ε’ 
is almost frequency-independent. These signals indicate Debye-like behavior, which can 
be fitted to the Cole-Cole equation [19]
 𝜖𝜖𝜖𝜖∗ =  𝜀𝜀𝜀𝜀′(𝜔𝜔𝜔𝜔) − 𝑖𝑖𝑖𝑖𝜀𝜀𝜀𝜀′′(𝜔𝜔𝜔𝜔) =  𝜀𝜀𝜀𝜀∞ +  𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠 −  𝜀𝜀𝜀𝜀∞1 +  𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔𝑖𝑖𝑖𝑖𝛼𝛼𝛼𝛼 
 
  
  , (3.1)
where εs and ε∞ are the dielectric constants at  the static and optical frequency limits, 
respectively; τ is the relaxation time; α is a constant between 0 and 1. 
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Figure 3.6 Frequency dependence of (a) dielectric constant and (b) imaginary permittivity
Figure 3.7 shows the Cole-Cole plots at different temperatures. The curves follow 
a  semicircle above 200K and the measurement at  the highest temperature of 300K 
shows a  clear maximum in  the imaginary permittivity. In  all measurements, tails are 
observed at the lowest frequencies. The time constant τ for a given temperature above 
200K is calculated from the frequency at which the imaginary permittivity is maximum 
in the Cole-Cole plot by ω (rad-1) = 1/τ. Figure 3.8 plots lnτ against 1/T. It shows that lnτ 
decreases linearly with increasing temperature. By fitting with the Arrhenius relation 
τ  =  τ0exp(Ea/kT), we obtain a characteristic time constant τ0 = 2.10–11 s and an activation 
energy Ea = 0.27V, which is comparable with the activation energy obtained from the 
transport measurement discussed in Chapter 4. 
3. Magnetic and transport properties of CuCrO242
Figure 3.7 Cole-Cole plot of CuCrO2 at different temperatures
Figure 3.8 Relaxation time τ as determined by the Cole-Cole plots versus reciprocal temperature. 
The line is the least squares fit to the data points and indicates Arrhenius behavior
Figure 3.9 shows the frequency dependence of the ac conductivity σac calculated by
 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝜔𝜔𝜔𝜔. 𝜖𝜖𝜖𝜖0. 𝜖𝜖𝜖𝜖′′   , (3.2)
where ω is the frequency (rad-1), ε0 is the relative permittivity in vacuum, and ε’’ is the 
imaginary permittivity. 
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The ac conductivity increases with increasing temperatures at fixed frequency. 
A slope change is visible for each temperature: the frequency at which this occurs shifts 
to higher values at elevated temperatures. The slope increases from 1.20 at 180K to 1.68 
at 300K. At 200K, we observe a frequency-independent ac conductivity σac in the low 
frequency regime < 300Hz, and this regime extends to 30 KHz at 300K. The slopes in the 
high frequency regime are very small. At 200K, we can also see a step-like increase of 
σac at the relaxation frequency, which shifts to higher values at higher temperature. This 
performance illustrates the Maxwell-Wagner relaxation mentioned above. 
Figure 3.9 Frequency dependence of ac conductivity of CuCrO2 at different temperatures
3.5 Pyroelectric current and thermal stimulated depolarization 
current measurements
3.5.1 Results and discussion 
In figure 3.10 the pyrocurrent (PC) is shown at a heating rate of 5K/min. A small back-
ground current was subtracted. An electric field of 300 kV/m was applied in both posi-
tive and negative polarity at 35K in order to demonstrate reversible switching. The PC is 
reversed when applying a reversed poling field, which  confirms ferroelectric order [16]. 
In  the absence of a poling field, the background was zero. Therefore, the background 
results from electric dipoles in the sample that are aligned by the high applied field. 
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Figure 3.10 Temperature dependence of PC when the poling electric field was 
(1) +300kV/m, (2) -300kV/m, and (3) zero at a heating rate of 5K/min
Figure 3.11 Temperature dependence of the pyrocurrent of CuCrO2 at different poling 
fields and a heating rate of 5K/min. The inset (a) shows the poling field dependence 
of the magnitude of the PC peak associated with the phase transition; (b) shows the 
polarization calculated from a measurement using a poling field of 300kV/m.
It is known that when applying an electric field to a sample during cooling, polar 
dipoles in the sample will align with the field. Heating of the sample in the absence of 
an electric field leads to a release of electric charges at the surfaces, which is detected 
as a current. The direction of the current flow depends on the sign of the trapped elec-
tric charges (electrons or holes) or the orientation of the dipoles. According to [20], the 





+ 𝜀𝜀𝜀𝜀𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘 𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀𝑥𝑥𝑥𝑥𝑘𝑘𝑘𝑘𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 +  𝜕𝜕𝜕𝜕𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥𝑘𝑘𝑘𝑘𝑥𝑥𝑥𝑥𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑥𝑥𝑥𝑥𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕    ,  (3.3)
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where the first term is the spontaneous polarization in direction x, the second term is 
the polarization induced by the electric field (ε0 is the vacuum dielectric permittivity, Ek 
is the electric field in the direction k, εxk are the dielectric tensor components), and the 
third term relates to the piezoelectric effect (dxkl are piezoelectric tensor components and 
σkl are stress tensor components). The equation should include an additional fourth term 
relating to the flexoelectric polarization, but this is generally negligible. 
In figure 3.11, we show the temperature dependence of the PC measured with 
a heating rate of 5 K/min and after poling at 35K in different electric fields. We observe 
that a  higher poling field results in  a  larger PC peak. The background current also 
increases with increasing field. In the inset (a), the dependence of the PC peak intensity 
on the poling field is shown. The peak current saturates at ~12 pA with a poling field of 
~500kV/m. Hence, applying a higher external field to obtain a larger PC peak is unnec-
essary for determining the spontaneous polarization. Inset (b) presents the temperature 
dependence of the polarization obtained by integrating the PC with respect to time, 
recorded with a heating rate of 5K/min after applying a poling field of +300kV/m. The 
polarization was defined to reach zero at the temperature where the PC is zero after the 
background noise from 30K upward is subtracted. The magnitude of the polarization is 
comparable to that reported in another study [16]. Figure 3.12 shows another measure-
ment performed on a sample with gold electrodes, where the magnitude of the current 
peak was smaller and the background current was also lower. However, the temperature 
dependence of the PC remained unchanged.
Figure 3.12 Temperature dependence of pyrocurrent of samples 
with gold (circles) and silver (crosses) electrodes
The PC peaks were observed at ~ 25.7K in figure 3.11 and do not exactly cor-
respond with the phase transition temperature of ~24K as previously reported [4, 17]. 
The PC peak that defines the transition might shift due to thermal lag of the material 
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during heating. Therefore, different heating rates of 1, 2, 5 and 10K/min. were used while 
measuring the peak position to test the effect of heating rate. Figure 3.13a shows the 
temperature dependence of the pyrocurrent for different heating rates. We observe that 
the PC peak shifts to higher temperatures for larger heating rates. This implies that there 
is thermal lag when the heating rate is changed. We observe a much smaller current for 
smaller heating rates. The inset in figure 3.13a illustrates that the peak temperature has 
a  linear dependence on  the heating rate. The temperature dependence of the capaci-
tance at different heating rates measured using the same set-up is shown in figure 3.13b. 
Similar to the PC measurements, the anomaly in the capacitance at TN shifts to higher 
temperatures when the heating rate is increased. The thermal lag depends on the specific 
heat and the thermal conductivity of the material, the dimensions of the sample and 
the measurement setup. We see that the TN determined at a heating rate of 1K/min is 
~24K. Therefore, a heating rate of 1–2K/min is the maximum that can be used to reliably 
determine the transition temperature. These results demonstrate that care must be taken 
when determining the transition temperature from experiments that are not performed 
in thermal equilibrium.
Figure 3.13 (a) Effect of heating rate on the shift of the PC peak in an external field of 
+200kV/m; the inset shows the dependence of the peak temperature on the heating rate 
and (b) Temperature dependence of the capacitance at various heating rates.
In figure 3.14 we present PC curves obtained after poling at different tempera-
tures, all measured with the same heating rate of 5K/min. It is apparent that the tempera-
ture of the PC peak due to the phase transition at ~ 24K is not affected by the temperature 
at which the poling is performed. However, the PC does not go to zero when the temper-
ature exceeds TN where the material is paraelectric. Instead, two additional peaks above 
TN can be clearly observed at ~50K (peak A) and ~115K (peak B) when poling at 35K or 
80K. If the poling temperature is as high as 125K, one more peak appears at ~150K (peak 
C). These additional current peaks above TN have the same sign as the poling field. They 
473.5 Pyroelectric current and thermal stimulated depolarization current measurements
are absent when the poling is performed at temperatures lower than TN. Poling below 
TN reduces the ferroelectric PC as we observe in figure 3.14. Nevertheless, an anomaly 
can be clearly seen at 15–20K as a result of poling at 15K. The black line demonstrates 
that no peak is observed when no external electric field is applied. It is clear that the 
temperature at which the poling electric field is applied plays a crucial role. Other studies 
have not reported the observation of peaks other than that at TN ~24K, probably because 
poling was not started from such high temperatures [16]. Since these additional peaks 
are unrelated to the ferroelectric transition, they will be referred to hereafter as thermally 
stimulated depolarization current (TSDC) peaks.
Figure 3.14 TSDC versus temperature for different poling temperatures, 
measured at a heating rate of 5K/min. The poling field is +400kV/m in each 
case. The black line presents the case when the poling field is zero.
A poling temperature of 125K gives rise to three TSDC peaks. Therefore, we 
investigated the poling field dependence of the TSDC for this poling temperature using 
a heating rate of 5K/min, as shown in figure 3.15. The peaks A, B and C overlap. We 
notice that the TSDC peaks are much broader than the sharp PC peak. We note that 
other reported TSDC studies on polymers and inorganic crystals also show broad TSDC 
peaks [21–25]. The broad TSDC peaks in CuCrO2 might be the superposition of peaks 
arising from closely spaced energy levels of relevant defect states. A peak deconvolu-
tion process can be used to resolve the overlapping peaks [24]. We use the initial rise 
method [26] to fit the left side of the peaks with the relation I   = Aexp(-Ea/kT) which 
allows extraction of the activation energies Ea as demonstrated in the insets (a), (b) and 
(c) of figure 3.15. Since peak C closely overlaps with B, it is resolved by subtracting from 
the original data the fit to peak B on the right-hand side. The resulting peak C is then 
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fitted on the left-hand side. The activation energy of peak A is fixed at 9 meV for the 
three poling fields used. For peak B, increasing the poling fields give rise to a decrease 
of Ea from 58 to 28 meV. The activation energies of peak C are similar (from 271 to 279 
meV) for the three poling fields.
Figure 3.15 Temperature dependence of TSDC for samples poled at 125K with an electric field of 
100 kV/m (solid line), 200 kV/m (crosses) and 300 kV/m (circles) and a heating rate of 5K/min. 
Inset (a), (b) and (c) show peak fits of samples poled at 100, 200 and 300 kV/m, respectively.
By plotting the maximum of each TSDC peak versus poling field, as shown 
in figure 3.17, we observe a field dependence that can be used to determine the origin 
of the peaks. Peak A exhibits a linear relation of the maximum TSDC with the poling 
field. In addition, the temperature of the peak maximum in figure 3.15, Tm, does not 
change with the poling field. These characteristics are consistent with the reorientation 
of dipolar defects. These defects can be mathematically described by the equation [27]













�   , (3.4)
where J (T) is the current density, τ0 is the dipole relaxation time at infinite tempera-
ture, Ea is the activation energy of the dipoles, k is Boltzmann’s constant, β is the heat-
ing rate, and Pe is the equilibrium polarization. Pe depends linearly on the poling field 
Ep given by [27] 
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 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝑝𝑝𝑝𝑝/𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝   ,  (3.5)
where N is the dipole concentration, µ is the electrical dipole moment for one dipole, α 
is a geometrical factor and Tp is the poling temperature. By differentiating equation (3.4), 
we obtain the relation [27]:
 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚2 = 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽0𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚� , (3.6)
Equation (3.6) shows that Tm is independent of Tp and Ep, but is a function of β.  Therefore, 
Tm is a constant for a given heating rate, as we observe for peak A.
The data thus show that peak A  is consistent with the reorientation of defect 
dipoles. Similar TSDC peaks of dipole reorientation origin have previously been 
observed in  other systems [25, 28]. For example, Fe-doped SrTiO3 ceramics show 
a TSDC peak with a linear dependence on Ep, also ascribed to dipolar relaxation. It has 
been suggested that defect dipole pairs are responsible, consisting of a Fe3+ ion substitut-
ing the Ti4+ site and the charge-compensating oxygen vacancies [25]. Dipolar defects 
in our case must be formed intrinsically because doping was not introduced during the 
synthesis. There are possible p-type conduction mechanisms with Cu+/Cu2+ or Cr3+/Cr4+ 
hole mobility [29]. According to first principles theoretical calculations by Scanlon et al. 
[29] and Zhi-Jie et al. [30], the prominent intrinsic defect in CuCrO2 is a Cu+ vacancy 
which is compensated by the formation of Cu2+, introducing holes. Based on  these 
calculations, we suggest that the defect dipole pair in our case consists of a negatively 
charged Cu+ vacancy and a hole localized at the Cu2+ site. In the multiferroics DyMnO3 
and TbMnO3, TSDC peaks at 90K [31] and 110K [32], respectively, have been reported. 
These peaks were assigned to hole carriers that redistribute and form dipoles upon the 
application of a poling field [31], which suggests a similar mechanism to that of our 
peak A. In these orthorhombic manganites, holes form due to the introduction of Mn4+ 
ions substituting Mn3+ in  order to compensate for excess oxygen introduced by the 
growth conditions [31, 32]. The activation energy of peak A calculated from the initial 
rise method is lower than the values reported in  the literature for peaks originating 
from defect dipole reorientation. This can be accounted for in part by the observation 
of the peak at a much lower temperature than typical measurement temperatures in the 
literature. TSDC measurements have been performed at  liquid helium temperatures 
only recently for multiferroics due to their low ordering temperatures and TSDC peaks 
originating from defects have been reported well above the ferroelectric ordering tem-
peratures as mentioned above.
3. Magnetic and transport properties of CuCrO250
Figure 3.16 Poling field dependence of the TSDC peaks A (triangles), B (circles) and 
C (crosses), measured at a heating rate of 5K/min and a poling temperature of 125K. 
The top line is the fit of the poling field dependence of Tm2 of peak B (squares)
Figure 3.15 and figure 3.16 show that peak B does not exhibit a linear dependence 
of the maximum peak current with the poling field. The maximum current does not 
change noticeably with the poling field, thus, peak B appears to be unrelated to dipole 
reorientation. We observe that Tm for peak B shifts to lower temperatures with increasing 
poling fields. A linear relation of the poling field with Tm2 of the TSDC peaks has been 
previously observed for trapped charges [24]. Here, Tm shifts to lower temperatures with 
increasing field. We also plot the poling field dependence of Tm2 for peak B in figure 3.16. 
This shows a linear relation. Therefore, peak B is consistent with the relaxation of space-
charge polarization due to the release of trapped charges. These trapped states must also 
be caused by intrinsic defects in the bulk and/or at the interfaces between the semicon-
ducting sample and the electrodes. Space-charge polarization arises due to the formation 
of depletion layers at the Schottky barriers between the sample and the electrodes at the 
surface. These Schottky barriers can also give rise to Maxwell-Wagner type dielectric 
relaxation behaviour. Figure 3.5 shows the temperature dependence of the capacitance 
and dielectric loss measured at 100 and 700 kHz. A step-like increase in the capacitance 
and a corresponding peak in the dielectric loss are observed. Both the step and the peak 
shift to higher temperatures with increasing frequency, consistent with Maxwell-Wagner 
type relaxation resulting from the formation of Schottky barriers at the sample-contact 
interfaces at the surface.
The origin of peak C is more difficult to assign since the peak current does not 
clearly increase with the poling field and Tm2 does not vary linearly with the poling field. 
A possible origin can be the migration of ionic charge carriers (forming ionic space-
charge) to the electrodes under the poling field Ep at  the poling temperature. Current 
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peaks originating from the depolarization of the ionic-space charge are reported to show 
no linear dependence on Ep and complex peak shapes [33]. On the other hand, there are 
also reports where a sinh dependence of the current on Ep is suggested [24]. 
The activation energy derived from the thermally activated relaxation in  the 
capacitance measurements is 270 meV (reported in section 3.4), which is comparable with 
that calculated from the dc conductivity in the range of 250–300K (275 meV) and more 
interestingly with that calculated for peak C.  For ionic materials, it has been reported 
that the activation energy for the release of ionic space charge at a specific temperature 
will be the same as the activation energy for ionic conduction at the same temperature 
[34]. Therefore, despite the different temperature interval of observation, based on the 
very similar activation energies extracted for peak C and for the dc conductivity between 
250 and 300 K, we suggest an ionic space-charge depolarization as the origin of peak C.
Figure 3.17 Temperature dependence of TSDC performed on a polished 
sample at a heating rate of 5K/min. and a poling field of +150kV/m
We performed a  repeat TSDC measurement on a well-polished sample. Aside 
from the ferroelectric peak, peak A is clearly observed in figure 3.17. However, peaks 
B and C are absent. We conclude that peaks B and C originate from depolarization 
processes at  the surface and can be avoided by careful treatment of the surface layer. 
The disappearance of peaks B and C upon polishing is consistent with the space-charge 
related origin of both peaks, involving the electrodes. The observation of two surface 
related TSDC peaks in a multiferroic demonstrates the importance of controlling the 
surface properties.
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3.5.2 General conclusions
CuCrO2 shows, in addition to the PC peak at the ferroelectric transition, TSDC peaks 
when the material is poled at temperatures above TN. The ferroelectric transition is well-
defined with a clear sharp peak at ~24K. When the sample is poled at 125K, three TSDC 
peaks are observed at ~50, 120 and 150K. We observe that the PC peak is narrow and 
sharp and conforms to the first-order derivative of a second-order phase transition. The 
TSDC peaks are absent if the sample is poled below the magnetic transition tempera-
ture. By studying the poling field dependence of the current, the origins of the TSDC 
peaks can be assigned to different mechanisms. The peak near 50K is consistent with 
defect dipole relaxation because the TSDC increases linearly with the poling fields and 
Tm does not change. The second peak near 120K is assigned to space-charge relaxation 
due to the release of trapped charges. This assignment is based on the observation that 
the TSDC peak at  Tm shifts quadratically with the poling field to lower temperature. 
Finally, the third peak around 150K is assigned to ionic space-charge depolarization. 
The space-charge related origins of the peaks around 120K and 150K are consistent with 
the observation of Maxwell-Wagner type dielectric relaxation originating from Schottky 
barrier formation at the interface between the electrodes and the sample. The two TSDC 
peaks at ~ 120 and 150K are absent for a well-polished sample. This proves that they 
originate from surface defects associated with different types of trapped charge carriers. 
Thus, we demonstrate that the TSDC technique is remarkably sensitive to the presence 
of small amount of defects and trapped states even when they exist only on the surface. 
The observation of TSDC peaks implies the presence of internal electric fields which 
will interfere with the external field applied during a PC measurement in a multiferroic. 
Therefore, characterization of the three distinct TSDC peaks is important.
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Chapter 4  




Cu-based delafossites CuMO2, where M is a  trivalent transition metal, first attracted 
attention for their p-type transparent conductivity. This offers potential applications 
in  opto-electric devices, photo-electrochemical thin film catalysts for water split-
ting, steam reforming and gas purification [1–3]. The delafossite structure, which 
has MO2 layers similar to the CoO2 layers in  NaxCoO2, has received much interest 
in the search for new types of thermoelectric materials and the study of the origin of 
thermoelectric properties in  these materials. Extensive studies have been carried out 
mainly on  undoped and doped CuMO2, in  which Cu+ can be replaced or partially 
substituted by Ag, Pt or Pd ions, while M is Cr, Fe, Al, Rh, V, Y [4–9]. The M site can 
be doped with small concentrations of Mg, Ni, and Co ions to reduce the resistivity, 
especially Mg [10–13]. Thus, the thermoelectric performance can be enhanced. For 
instance, an improved power factor (PF) of 7.10 × 10–4 W/(m.K2) has been obtained for 
CuRh0.9Mg0.1O2 over a broad temperature range between 400–1000K [14]. The best PF 
among the CuFe1-xNixO2 series is 5.1 × 10–4 W/(m.K2) for x = 0.01, which has a figure of 
merit ZT that reaches 0.14 at 1100K [12].
The delafossite CuCrO2 has a  layered structure in which Cu layers are alternated 
with layers of edge-shared CrO6 octahedra. Both layers consist of two-dimensional trian-
gular lattices. This can result in high electrical conductivities and high Seebeck coefficients, 
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similar to NaxCoO2 [15, 16]. The decrease in electrical resistivity upon doping leads to an 
increased PF. Mg-doping improves the PF by an order of magnitude compared to the parent 
compound at room temperature and reaches 1.4 × 10–4W/ (m.K2) at 800K [17]. Attempts 
have been made to reduce the electrical resistivity by co-doping CuCr0.97-xMg0.03M’xO2 
with a  second dopant M’ including Zn, Ca, Ni and Co [15]. The highest value of 
ZT   =   0.10 is observed for the compound with M’ = Ni and x = 0.04 at  1100K, which is 
twice the value for samples only doped with Mg. Despite the quite large PF, these Cu-based 
delafossites exhibit large thermal conductivities in  the range of 6–10 W/(m.K) [14, 15]. 
The reduction of thermal conductivity is therefore necessary to enhance the thermoelectric 
figure of merit. 
As introduced in chapter 1, the overall thermal conductivity κ of a material is the 
sum of the electronic and the lattice component, κe and κph respectively. κe is the electri-
cal conductivity and can be estimated by the Wiedemann-Franz law which relates κe to 
the electrical resistivity. On the other hand, κph is determined by phonon scattering. For 
oxide materials in which the electrical conductivity is low, the thermal conductivity is 
strongly determined by the lattice component. Therefore, aiming to reduce the thermal 
conductivity implies decreasing the heat transport, notably by enhancing the phonon 
scattering. A few approaches have been followed according to the relation between the 
thermal conductivity κph and the phonon mean free path lph:
 κ𝑝𝑝𝑝𝑝ℎ = 13𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝ℎν , (4.1)
where Cv is the heat capacity and v is the phonon velocity. Both values depend on intrin-
sic properties and are difficult to change because of their insensitivity to structural 
changes. A remaining possibility is to supress lph which is the average scattering length 
for phonons. It has been proposed that there are three strategies to reduce the phonon 
mean free path lph: (i) unit cell disorder by introducing point defects, (ii) resonant scat-
tering by localized rattling atoms and (iii) interface scattering [18]. The first approach 
involves atom substitution by doping to create vacancies or interstitials. The presence of 
substituents of similar valence but different atomic mass and size causes local distortions 
that strongly scatter phonons. Furthermore, doping can cause an increase of the electri-
cal conductivity as observed in Mg2Si1-xSnx [19]. In NaxCoO2, randomly distributed Na+ 
ions cause valence fluctuations of Co3+/Co4+ which contribute to the low thermal con-
ductivity of ~1.77 W/(m.K) at 300K [20]. The second approach makes use of complex 
structures such as skutterudites and clathrates in which localized vibrations from large 
atomic cages, can cause resonant scattering of phonons [21, 22]. The third approach 
uses nanostructured geometries to increase the phonon scattering by maximizing the 
number of interfaces. This approach includes: (i) reducing the grain size using different 
fabrication methods, (ii) the nanostructuring of bulk thermoelectrics by partitioning of 
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a precursor phase in thermodynamically stable phases (such as thin rods of Sb in an InSb 
matrix), and (iii) the fabrication of nanotubes/nanowires in low dimensional materials 
and the formation of superlattice structures [18, 23–26].
It has been reported that tuning the grain size can improve thermoelectric per-
formance for polycrystalline Si-Ge systems by using grain sizes of ~1µm and Yttria-
stabilized zirconia of 100–180nm [27, 28]. The size reduction helps to reduce κph by 
a factor two in Si0.8Ge0.2. Grain size reduction has proved to decrease κph in skutterudites 
like CoSb3 [29]. Polycrystalline (Bi,Sb)2Te3 with nano grains of 2–10 nm shows a 50% 
reduced thermal conductivity, although the carrier concentration might also have 
changed [30]. As the CuCrO2 system has been widely studied with respect to increasing 
the PF and ZT by doping (mainly on the Cr3+ site) to reduce the resistivity, it is useful to 
investigate whether the thermoelectric performance can be improved by decreasing the 
thermal conductivity by reducing the grain size.
In this chapter, we focus on  using different fabrication methods to synthesize 
polycrystalline CuCrO2 powder with different grain sizes. Although the parent com-
pound CuCrO2 has been reported to have a high resistivity, this study focuses on how 
grain sizes influence the PF and ZT below room temperature. The results will indicate 
whether doped CuCrO2 with small grain size is a promising route to explore to obtain 
a higher thermoelectric figure of merit.  
4.2 Results and discussion 
4.2.1 Synthesis results
Polycrystalline powder samples of CuCrO2 were produced using three methods: solid-
state reaction, sol-gel and hydrothermal synthesis described in chapter 2. The powders 
were uniaxially pressed into pellets of 5mm diameter and 1–2mm thickness, ready for 
sintering in  air at  1050–1200° C for 12 hours. These pellets were used for transport 
measurements.
The synthesis of CuCrO2 by solid state reaction (SS) is straightforward. Figure 
4.1a shows the fitted XRD pattern, indicating that the correct single phase is obtained. 
Due to the synthesis at  high temperature (1200° C), the sample is well crystallized. 
Using the sol-gel (SG) method, the powder obtained from dried gel was heated fur-
ther at various temperatures between 600 and 900° C. The phases obtained are shown 
in table 4.1. Phase analysis shows that only the samples heated at or above 850° C are 
single phase. Below 800° C, only mixed phases of CuO and the spinel CuCr2O4 are 
observed. The heating temperature must therefore be kept at 850° C to obtain a small 
particle size. Figure 4.1b shows the XRD pattern of a SG powder heated at 850° C. We 
can see the crystallinity is lower compared to that of the SS sample. Nevertheless, no 
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impurity peak is found. The results of the hydrothermal (HT) synthesis are summarized 
in  table 4.2. The presence of ethylene glycol at  any concentration of Cu2O does not 
result in the expected CuCrO2 phase but rather the metallic Cu phase is mainly present. 
Therefore, no surfactant was added in later experiments. Low synthesis temperatures 
of 180–200° C result in  CuO and other impurities with sharp XRD peaks although 
some CuCrO2 is observed. When the synthesis is done at  210–220oC, the peaks are 
broader and no sharp impurity peaks are observed as in the case of low temperature. 
Figure 4.1c shows the XRD pattern of a  powder sample obtained from this hydro-
thermal method. The broad peaks indicate very small particles. This XRD pattern is 
similar to that of a  sample with the 3R-CuCrO2 structure reported previously, also 
obtained by the hydrothermal method [31]. Figure 4.2 presents the XRD patterns of 
samples synthesized by the HT method using various Cu2O concentrations and syn-
thesis temperatures. In  figure 4.2b, we notice that there is no observable difference 
between samples sintered at 210 or 220° C. In contrast, low Cu2O concentrations give 
rise to larger particles; a sharp peak is observed at ~35.70 for the sample synthesized 
at 0.25mmol Cu2O compared to broader peaks for the other samples. To verify that the 
phase is CuCrO2, the powder was further heated at 1050° C to increase the particle size. 
Phase analysis confirmed that the sample is single phase CuCrO2.
Figure 4.3 shows the SEM images of CuCrO2 particles synthesized using the 
three methods. The grain size of the samples from the SS and SG methods (figure 4.3a 
and b) ranges from 2–5 µm. The particles crystallize generally in a hexagonal shape 
as expected for the structure described in chapter 3. For the HT sample synthesized 
with 0.25mmol Cu2O at 220° C, in figure 4.3c, we observe that the grains have a round 
shape instead of the hexagonal shape observed for the other two methods. The grain 
size is smaller than 200nm. The round shape and small size of the grains leads to dif-
ficulties in pressing the powder into pellets as it is very fluffy and light. When heated 
at 850° C, the particles become hexagonal in shape although they are very thin (figure 
4.3d). For the CuCrO2 powder synthesized at 210° C with 0.75mmol Cu2O, the grain 
size is too small to be visible by SEM. The TEM image shown in figure 4.3e confirms 
the very small grain size of ~15nm.
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600–750 3–10 Mixed phases of CuO and spinel CuCr2O4
800 3 Mixed phases of CuO and spinel CuCr2O4
800 10 Mixed phases of CuO and spinel CuCr2O4 and CuCrO2
850–900 3–10
Single phase CuCrO2 from 850° C, 10h for sample 
using acetic acid 
Single phase CuCrO2 from 850° C, 3h for sample using 
citric acid
 > 900 3 Single phase CuCrO2












0.25–3 2.5–3 Ethylene Glycol 180–220
Cu is the main phase, 
small amount of CuCrO2 
only occurs at low Cu2O 
concentration
1–0.25 3 No 180–200 CuCrO2, CuO and extra phases, peaks are sharp
0.75–0.25 3 No 210–220 CuCrO2 main phase, broad peaks
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Figure 4.1 The XRD patterns of CuCrO2 powders synthesized by solid-state 
reaction (a), sol-gel method (b) and hydrothermal method (c).
Figure 4.2 XRD patterns of CuCrO2 synthesized by the hydrothermal 
method at different Cu2O concentrations and temperatures.
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Due to the overlap of broad XRD peaks for the hydrothermal samples, only the 
peak at ~61.5° for all the samples was suitable for calculation of the average crystallite 
size from the XRD data. For this reason, peak broadening due to strain cannot be evalu-
ated because the widths of other main peaks cannot be fitted properly. Table 4.3 presents 
the crystallite size calculation for CuCrO2 samples from the three methods. As expected, 
the crystallite size of the SS sample is biggest (230 nm) as it is well-sintered at highest 
temperature (1200° C). The SG samples have rather large crystallite sizes of more than 
100nm, as observed clearly in the SEM images where the grain size is ~2 µm. We notice 
that the crystallite sizes of HT samples are well below 20 nm which is consistent with 
the TEM image in  figure 4.3e. Similar calculated sizes that range between 20–38 nm 
have been reported elsewhere for HT CuCrO2 samples with similar broadened XRD 
patterns [31–33]. Despite the fact that SEM is incapable of resolving the small size of 
these particles, the TEM image suggests that we indeed obtain nanocrystalline particles 
in the as-prepared HT CuCrO2 sample. Table 4.4 presents the grain sizes of the sintered 
samples estimated from SEM, and their crystallite sizes calculated from XRD. Those 
samples were used for transport measurements.
Figure 4.3 SEM images of the samples synthesized by solid state reaction at 1200° C 
(a), sol-gel method at 850° C (b), as-prepared sample using hydrothermal method 
with 0.25mmol Cu2O (c) and then sintered at 850° C (d), and TEM image of 
as-prepared sample using hydrothermal method with o.75mmol Cu2O (e)
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Table 4.3 Calculated crystallite size D (nm) of CuCrO2 determined by PXRD, synthe-
sized by hydrothermal method (HT1-HT4), sol-gel method (SG1-SG2) and solid state 
reaction (SS1-SS2)
Sample Conditions 2θ, deg. FWHM (deg.) Calculated D (nm)
HT1 0.75mmol, 210° C 61.52 0.66 16
HT2 0.5mmol, 210° C 61.58 0.67 15
HT3 0.5mmol, 220° C 61.63 0.58 18
HT4 0.75mmol, 220° C 61.65 0.59 17
SG1 Acetic acid, 850° C, 10h 62.36 0.07 140
SG2 Citric acid,850° C, 10h 62.41 0.06 170
SS1 SS, 1000° C, 10h 62.41 0.09 120
SS2 SS, 1200° C, 12h 62.41 0.07 230










HT9–1 1200 1 150
Mixed grains of 500nm to ~1µm, thin 
hexagonal shape, different orientations 
of the grains
HT9–2 1050  < 1 110
mixed grains of 200nm-1µm, thin 
hexagonal shape, different orientations 
of the grains
SS 1200 4 230 Quite homogenous size, thick hexagonal shape
SG1–1 1100 10 290 Very limited grain boundaries
SG1–2 1200  > 10 330 No hexagonal shape observed, unclear grain boundaries
4.2.2 Power factor
CuCrO2 is reported to be a p-type semiconductor, thus, the electrical resistivity decreases 
with increasing temperature [8, 17, 34, 35]. Figure 4.4a shows that this behaviour is 
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observed for all our CuCrO2 samples.  The resistivity of the SS sample at 300K is ~10 
Ω.m, consistent with that reported in  the literature [34]. The SG method reduces the 
resistivity by an order of magnitude compared to the SS sample, while the HT synthesis 
increases the resistivity by an order of magnitude. The resistivity of the SG1–1 sample 
(sintered at  1100° C) is higher than that of the SG1–2 sample (sintered at  1200° C). 
Similarly, the sample HT9–1 (sintered at 1200° C) has lower resistivity than HT9–2 (sin-
tered at 1050° C). This can be explained in terms of the crystallization of the particles: 
SG1–2 has a larger grain size and fewer grain boundaries. The morphology of the grains 
of the SG samples is different from that of the other samples as the particles are not well 
separated when the sample is calcined at 850° C as we notice in figure 4.3b. At this low 
temperature, the particles are connected and the grain boundaries are limited. When the 
powder is pressed and sintered at higher temperature, the grains grow easily with a reduc-
tion in  the number of grain boundaries. However, if  the sintering is performed at  the 
relatively low temperature of 1000° C, the sample is very fragile to handle. This is the 
reason they were sintered at 1100° C and 1200° C, although such high temperatures lead 
to larger grains without maintaining the hexagonal shape as in other samples. In the case 
of the HT method, increasing the sintering temperature also leads to a decrease in resis-
tivity. SEM images (figure 4.5) reveal that the inhomogeneity in the grain sizes and grain 
orientations is reduced at higher sintering temperature (for sample HT9–1, figure 4.5a). 
Clear grain boundaries are still observed between the grains. This means that an increase 
of the sintering temperature in the HT samples results in the faster growth of small grains 
while the boundaries are still well maintained.  Figure 4.4b presents the crystallite size 
dependence of the resistivity at 300K, which clearly indicates that a  lower resistivity is 
observed for samples with larger crystallite size and fewer boundaries between the grains. 
Figure 4.4 Electrical resistivity of different CuCrO2 samples as a function of 
temperature (a) and the room temperature resistivity versus crystallite size (b)
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Figure 4.5 SEM images of HT9–1 sintered at 1200° C (a) and HT9–2 sintered at 1050° C (b)
The activation energies Ea are calculated from the Arrhenius equation expressing the 
relation between the electrical conductivity ρ and temperature T: ln(ρ) = ρ0exp(-Ea/kT), 
where ρ0 is the pre-factor and k is Boltzmann’s constant. The calculated Ea of the SS 
sample is 0.27 eV, which is in good agreement with literature [11, 17, 36]. The fitted 
activation energies of the samples SG1–1, SG1–2, HT9–1 and HT9–2 are 0.28, 0.24, 
0.26 and 0.25, respectively. We conclude that the activation energies do not noticeably 
vary with the grain size, even though the resistivity can be modified by more than an 
order of magnitude. This indicates that the grain size reduction process does not change 
the nature of the conduction. Instead, we have affected the pre-factor. This suggests that 
that the current path has been changed. In HT9–2 (sintered at 1050° C), the small and 
thin grains (hexagonal flakes) orient in different directions as observed in figure 4.3d. 
This may reduce the current flow, resulting in a higher resistivity. On the other hand, 
doping can lead to significant changes in the activation energy because it influences the 
carrier density and mobility as well as the nature of the conduction. Mg-doped CuCrO2 
exhibits an Ea decrease from 0.278 meV to 0.12 meV and 0.036 meV when the doping 
levels are 0.5 and 2%, respectively [11]. The change in activation energy in  this case 
originates from 3D variable range hopping which exhibits power law behavior ln(ρ) 
α (1/T)1/4 [17]. Therefore, we conclude that the resistivity is mostly determined by the 
grain size and the geometry of how the grains are connected.
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Figure 4.6 Seebeck coefficient of CuCrO2 as a function of 
temperature (a) and of crystallite size at 300K (b)
Figure 4.6 shows the Seebeck coefficient as a function of temperature and as a function 
of crystallite size at 300K for five CuCrO2 samples. These measurements are possible 
only above 150K due to the high sample resistance with values larger than the input 
impedance of the voltmeter. Samples prepared by the HT method have the highest 
Seebeck coefficients of ~800 µV/K at 300K. At  room temperature, this is about 25% 
higher than those of other samples. The Seebeck coefficients of the SG samples are 
higher than that of the SS sample, but they are similar at  300K. The Seebeck coeffi-
cient of the SS sample in  our measurement is a  factor of 2  lower than the reported 
value between 250–300K with similar resistivity [11]. However, the measured value 
(641 µV/K) at 300K is almost double the value reported in [17] (~350 µV/K) where the 
resistivity (~2.75 Ω.m) is a factor of 3 smaller than that measured in this experiment 
(~8.2 Ω.m). The relation between the resistivity and Seebeck coefficient of a material 
is that typically a more insulating material has higher Seebeck coefficient than a more 
conducting material. Metals and alloys have lower Seebeck coefficient than semicon-
ductors. From our results, we clearly observe that the most insulating HT samples have 
the highest Seebeck coefficients.
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Figure 4.7 Power factor of CuCrO2 as a function of temperature 
(a) and as a function of crystallite size at 300K (b)
Since the resistivity of CuCrO2 is high, the resulting power factor (PF) is very low at low 
temperatures. The variation of the Seebeck coefficients of the CuCrO2 samples is small 
compared to the variation in their resistivities. Figure 4.7a shows the temperature depen-
dence of the PFs and figure 4.7b shows the dependence of the PF on crystallite size at 300K. 
At 300K, the PFs of HT9–1, HT9–2, SS, SG1–1, SG1–2 are 0.015, 0.003, 0.05, 0.32 and 0.47 
µW/(m.K2), respectively. The values of the SG samples are comparable with the reported 
value of 0.44 µW/(m.K2) [17]. The PF continues to increase significantly for the SS and SG 
samples with increasing temperature, consistent with the reported PF up to ~900K [34]. 
The HT samples have small power factors and increase slowly with increasing tempera-
ture. The difference in the PFs of the samples increases with increasing temperature. Due 
to the high resistivity of the oxide semiconductor CuCrO2, the suitability for thermoelec-
tric applications is more favorable in  the high temperature range, where the resistivity 
decreases quickly while the Seebeck coefficient varies little, resulting in  a  better power 
factor. By doping with Mg, the PF is increased by about two orders of magnitude due to 
a reduction of the resistivity [17]. Among the Mg-doped delafossites, the highest reported 
PF is ~7 × 10–4 W/(m.K2) between 400 and 1000K for CuRh0.9Mg0.1O2 [14].
4.2.3 Thermal conductivity 
Figure 4.8a and b shows the temperature dependence of the thermal conductivity between 
50 and 300K and the crystallite size dependence of the thermal conductivity of CuCrO2 
samples at 300K, respectively. Sample SG1–2 was excluded because of meaningless sig-
nals. At 300K, the hydrothermal sample HT9–2 (sintered at 1050° C) has a lower thermal 
conductivity of ~4 W/(m.K) than HT9–1 (sintered at  1200° C) for which the thermal 
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conductivity is ~8.2 W/(m/K). As discussed above, 1200° C is too high a  temperature 
to sinter the HT sample: the grain boundaries of the crystallites disappear due to grain 
growth and result in a bigger crystallite size. The thermal conductivity is consistent with 
the observation that sample HT9–1 has bigger crystallite size and fewer voids, which leads 
to better heat transfer through the grains. Samples SG1–1 and SS have comparable thermal 
conductivity of ~ 8.8 W/(m.K). These values are in  agreement with the reported ther-
mal conductivities of CuCrO2 and Mg doped CuCrO2 at room temperature which vary 
between 6–9 W/(m.K) [34]. The thermal conductivity of CuCrO2 was reported to decrease 
slightly with increasing temperature from 300–900K [34]. Reducing the crystallite size 
leads to a decrease of the thermal conductivity at the expense of increasing the resistivity. 
 
Figure 4.8 Thermal conductivity of CuCrO2 as a function of temperature 
(a), and as a function of crystallite size at 300K (b)
4.2.4 Figure of merit ZT
Figure 4.9a and b presents the figure of merit ZT of CuCrO2 as a function of tempera-
ture and as a  function of crystallite size at 300K, respectively. As the resistivity of the 
HT samples is very high, their ZT values are relatively small. At 300K, sample SG1–1 
exhibits the best ZT of 1.1 × 10–5, which is an order of magnitude higher than that of 
sample SS. The increasing trend of SG1–1 with temperature is steep and promising for 
better thermoelectric performance at higher temperatures: here the resistivity is consid-
erably lower while the Seebeck coefficient and thermal conductivity are relatively tem-
perature independent. Extrapolating the SG1–1 curve, we may expect that ZT reaches 
~0.01 at 1100K. If we can further reduce the resistivity by doping with Mg for the SG 
sample, we may further increase the PF and ZT for the CuCrO2 system. We observe 
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that for HT9–1, although the number of grain boundaries is reduced slightly compared 
to HT9–2, a reduction of the interface spacing between the grains may result a barrier 
to electronic transport in  the insulating CuCrO2. Although the thermal conductivity 
decreases with decreased crystallite and grain size, the increase in resistivity in our case 
plays a more important role in enhancing the thermoelectric performance. 
Figure 4.9 Figure of merit ZT of CuCrO2 as a function of 
temperature (a) and of crystallite size at 300K (b)
4.3 General conclusion
Hydrothermal synthesis allows the preparation of CuCrO2 powder comprised of nano-
crystallites as flakes. The morphology of the particles from different synthesis methods 
is different: very thin flakes (HT method), connected grains (SG) and thick hexagonal 
grains with clear grain boundaries (SS). The sintering process results in significant grain 
growth, in which the small grains in the HT samples transform to thin hexagonal flakes 
and sintered SG powders exhibit a structure with less clear grains and boundaries. The 
small particle size leads to lower thermal conductivity as intended. However, the mor-
phology, particle interfaces and orientation have a more dominant effect on the resistiv-
ity and Seebeck coefficient, leading to a  lower figure of merit ZT for the HT samples. 
Therefore, the HT method is not advisable to enhance the figure of merit ZT by reducing 
the particle size of CuCrO2 powder. The SG synthesis is more promising in optimizing 
the thermoelectric performance by reducing the electrical resistivity. If  Mg-doping is 
successful for SG synthesis, we expect a reduction in the resistivity of about three orders 
of magnitude [17, 37]. This can enhance the figure of merit ZT of CuCrO2 significantly.
69Bibliography
Bibliography
 [1] F.A. Benko, F.P. Koffyberg, Preparation and opto-electronic properties of semiconducting 
CuCrO2, Mat. Res. Bull., 21 (1986) 753–757.
 [2] H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi, H. Hosono, p-type electrical con-
duction in transparent thin films of CuAlO2, Nature, 389 (1997) 939–942.
 [3] S. Saadi, A. Bouguelia, A. Derbal, M. Trari, Hydrogen photoproduction over new catalyst 
CuLaO2, J. Photochem. Photobiol. A, 187 (2007) 97.
 [4] K. Kimura, H. Nakamura, K. Ohgushi, T. Kimura, Magnetoelectric control of spin-chiral fer-
roelectric domains in a triangular lattice antiferromagnet, Phys. Rev. B, 78 (2008) 140401(R).
 [5] S. Seki, Y. Onose, Y. Tokura, Spin-Driven Ferroelectricity in Triangular Lattice Antiferromagnets 
ACrO2 (A = Cu, Ag, Li, or Na), Phys. Rev. Lett., 101 (2008) 067204.
 [6] S. Kumar, K. Singh, M. Miclau, C. Simon, C. Martin, A. Maignan, From spin induced ferroelec-
tricity to spin and dipolar glass in a triangular lattice: The CuCr1-xVxO2 (0 ≤ x ≤ 0.5) delafossite, 
J. Solid State Chem., 203 (2013) 37–43.
 [7] D.J. Singh, Band structure and thermopower of doped YCuO2, Phys. Rev. B, 77 (2008) 205126.
 [8] V. Eyert, R. Frésard, A. Maignan, On the metallic conductivity of the delafossites PdCoO2 and 
PtCoO2, Chem. Mater., 20 (2008) 2370.
 [9] O.J. Durá, R. Boada, A. Rivera-Calzada, C. León, E. Bauer, M.A.L.d.l. Torre, J. Chaboy, 
Transport, electronic, and structural properties of nanocrystalline CuAlO2 delafossites, Phys. 
Rev. B, 83 (2011) 045202.
 [10] M. Poienar, F. Damay, C. Martin, V. Hardy, A. Maignan, G. Andre, Structural and magnetic 
properties of CuCr1-xMgxO2 by neutron powder diffraction, Phys. Rev. B, 79 (2009).
 [11] A. Maignan, C. Martin, R. Frésard, V. Eyert, E. Guilmeau, S. Hébert, M. Poienar, D. Pelloquin, 
On the strong impact of doping in  the triangular antiferromagnet CuCrO2, Solid State 
Commun., 149 (2009) 962.
 [12] T. Nozaki, K. Hayashi, T. Kajitani, Thermoelectric Properties of Delafossite-Type Oxide CuFe1-
xNixO2  (0 ≤ x ≤ 0.05), J. Chem. Eng. Jpn., 40 (2007) 1205.
 [13] S. Yanagiya, N.V. Nong, J. Xu, N. Pryds, The Effect of (Ag, Ni, Zn)-Addition on  the 
Thermoelectric Properties of Copper Aluminate, Materials 3(2010) 318–328.
 [14] A. Maignan, V. Eyert, C. Martin, S. Kremer, R. Frésard, D. Pelloquin, Electronic structure and 
thermoelectric properties of CuRh1− xMg xO2, Phys. Rev. B, 80 (2009).
 [15] K. Hayashi, K. Sato, T. Nozaki, T. Kajitani, Effect of doping on thermoelectric properties of 
delafossite-type oxide CuCrO2, Jpn. J. Appl. Phys., 47 (2008).
 [16] I. Terasaki, Y. Sasago, K. Uchinokura, Large thermoelectric power in NaCo2O4 single crystals, 
Phys. Rev. B, 56 (1997) R12685.
 [17] T. Okuda, N. Jufuku, S. Hidaka, N. Terada, Magnetic, transport, and thermoelectric properties 
of the delafossite oxides CuCr1−xMgxO2 (0 ≤ x ≤ 0.04), Phys. Rev. B, 72 (2005) 144403.
 [18] C. Wan, Y. Wang, N. wang, W. Norimatsu, M. Kusunoki, K. Koumoto, Development of novel 
thermoelectric materials by reduction of lattice thermal conductivity, Sci. Technol. Adv. Mater., 
11 (2010) 044306.
4. Crystallite size dependence of thermoelectric performance of CuCrO270
 [19] V.K. Zaitsev, M.I. Fedorov, E.A. Gurieva, I.S. Eremin, P.P. Konstantinov, A.Y. Samunin, M.V. 
Vedernikov, Highly effective Mg2Si1−xSnx thermoelectrics, Phys. Rev. B, 74 (2006) 045207.
 [20] M. Yoshiya, M. Tada, T. Nagira, Thermal Conduction in NaCoO2 and Na0.5CoO2 by Perturbed 
Molecular Dynamics, Proc. Int. Symp. on Nano-Thermoelectrics, (2007) 49.
 [21] J.L. Cohn, G.S. Nolas, V. Fessatidis, T.H. Metcalf, G.A. Slack, Glasslike heat conduction 
in high-mobility crystalline semiconductors, Phys. Rev. Lett., 82 (1999) 779.
 [22] B.C. Sales, D. Mandrus, R.K. Wiliams, Filled skutterudite antimonides: a new class of thermo-
electric materials, Science, 272 (1996) 1325.
 [23] W.K. Liebmann, E.A. Miller, Preparation, phase-boundary energies, and thermoelectric prop-
erties of InSb-Sb eutectic alloys with ordered microstructures, J. Appl. Phys., 34 (1963) 2653.
 [24] A.I. Hochbaum, R.K. Chen, W.J. Liang, E.C. Garnett, M. Najarian, A. Majumdar, P.D. Yang, 
Enhanced thermoelctric performance of rough silicon nanowires, Nature, 451 (2008) 163–167.
 [25] C. Chiritescu, D.G. Cahill, N. Nguyen, D. Johnson, A. Bodapati, P. Keblinski, P. Zschack, 
Ultralow thermal conductivity in disordered, layered WSe2  crystals, Science, 315 (2007) 351.
 [26] D.L. Medlin, G.J. Snyder, Interfaces in  bulk thermoelectric materials, Current Opinion 
in Collloid and Interface Science, 14 (2009) 226–235.
 [27] C.B. Vining, W. Laskow, J.O. Hanson, R.R.V.D. Beck, P.D. Gorsuch, Thermoelectric properties 
of pressure-sintered Si0.8Ge0.2 thermoelectric alloys, J. Appl. Phys., 69 (1991) 4333.
 [28] A.M. Limarga, D.R. Clarke, The grain size and temperature dependence of thermal conductiv-
ity of polycrystalline, tetragonal yttria-stabilized zirconia, Appl. Phys. Lett., 98 (2011) 211906.
 [29] J.L. Mi, T.J. Zhu, X.B. Zhao, J. Ma, Nanostructuring and thermoelectric properties of bulk 
skutterudite compound CoSb3, J. Appl. Phys., 101 (2007) 054314.
 [30] B. Poudel, Q. Hao, Y. Ma, A. Minnich, B. Yu, X. Yan, D. Wang, A. Muto, D. Vashaee, High-
thermoelectric performance of nanostructure bismuth antimony telluride bulk alloys, Science, 
320 (2008) 634.
 [31] M. Miclau, D. Ursu, S. Kumar, I. Grozescu, Hexagonal polytype of CuCrO2 nanocrystals 
obtained by hydrothermal method, J. Nanopart. Res., 14 (2012) 1110.
 [32] S.Zhou, X. Fang, Z. Deng, D. Li, W. Dong, R. Tao, G. Meng, Hydrothermal synthesis and char-
acterization of CuCrO2 laminar nanocrystals, J. Crys. Growth, 310 (2008) 5375–5379.
 [33] S.Zhou, X. Fang, Z. Deng, D. Li, W. Dong, R. Tao, Room temperature ozone sensing properties 
of p-type CuCrO2 nanocrystals, Sensors and Actuators B: Chemical, 143 (2009) 119–123.
 [34] Y. Ono, K. Satoh, T. Nozaki, T. Kajitani, Structural, Magnetic and Thermoelectric Properties of 
Delafossite-type Oxide, CuCr1-xMgxO2 (0 ≤ x ≤ 0.05), Jpn. J. Appl. Phys., 46 (2007) 1071.
 [35] J.P. Doumerc, A. Wichainchai, A. Ammar, M. Pouchard, P. Hagenmuller, On magnetic proper-
ties of some oxides with delafossite-type structure, Mater. Res.Bull., 21 (1986) 745.
 [36] T. Okuda, Y. Beppu, Y. Fujii, T. Onoe, N. Terada, S. Miyasaka, Specific heat of delafossite oxide 
CuCr1-xMgxO2 (0 ≤ x ≤ 0.03), Phys. Rev. B, 77 (2008) 134423.
 [37] E. Guilmeau, M. Poeinar, S. Kremer, S. Marinel, S. Hébert, R. Frésard, A. Maignan, Mg substi-




Structure and properties 
of Bi8Rh7O22
5.1 Introduction
The investigation of Bi-Rh-O systems has led to the discovery of interesting com-
pounds and structures. Those compounds which are prepared in  air contain mainly 
Rh3+ or mixed Rh3+/Rh4+. Most Rh4+ oxides require large partial oxygen pressure, such 
as the perovskites Bi2+Rh4+O3 and Sr4Rh3O10 [1–4]. An exception is the pyrochlore-
type Bi2Rh2O6.8 which is synthesized in  air [5, 6]. Mixed-valent compounds (Bi6O5)
Rh83+ Rh44+O24 having the Todorokite structure unusually show partial charge order-
ing [7]. Mizoguchi et al. reported the discoveries of an undulating layer network of 
Bi1.4CuORh5O10, and a  hitherto unknown structure Bi2/3Ce1/3Rh2O5 which shows no 
charge ordering and metallic properties [8, 9]. 
In addition to the interesting crystal structural features found in  these new 
compounds, their transport properties are also of interest as the ratio of mixed valent 
Rh4+/Rh3+ can vary and significantly influence the electrical resistivity. A low resistivity 
is usually observed if the compound contains more Rh4+ [10]. Some Bi-containing rho-
dates which are good conductors and have high Seebeck coefficients like Bi0.78Li2Rh6O12 
are promising thermoelectrics [10]. It is even more attractive if the compounds possess 
layered structures because the thermal conductivity can be low along the direction per-
pendicular to the layers and result in better figures of merit.
Our synthesis of bismuth rhodate single crystals resulted in a new 2-dimensional 
compound, Bi8Rh7O22, with a layer structure not previously observed. Our study focuses 
on solving the structure by refining the single crystal X-ray diffraction data. The magnetic 
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moment predicted from the structural features is supported by magnetic measurements. 
We also report an interesting anisotropy of the electric transport arising from the layered 
structure, and low resistivity in the ab basal plane. The high Seebeck coefficient and low 
resistivity makes Bi8Rh7O22 a promising thermoelectric material at high temperature.
5.2 Synthesis and experimental methods
Single crystals were grown using the self – flux method. Bi2O3 (99.999%) and CuRhO2 
powder were used as starting oxide reactants. CuRhO2 was synthesized using solid state 
reaction from CuO (99.9% metal basis) and Rh2O3 (99.999%) at 1050° C in 12 hours, 
similar to the synthesis of CuCrO2. The phase was checked by XRD to make sure the 
material was a single phase. 1.5 g mixture of CuRhO2:Bi2O3 = 1:25–30 (wt%) was melted 
in a platinum crucible at 1050° C in air for 30 hrs. Then, the melt was cooled down slowly 
at a rate of 1.50/h. When it reached 825° C, it was cooled to room temperature at a rate 
of 2500/h. Black shiny flakes of crystals were separated by dissolving the flux in a warm 
HNO3 solution. 
Polycrystalline Bi8Rh7O22 was synthesized from a stoichiometric mixture of Bi2O3 
and Rh2O3. The mixture was heated to 750oC for 24 hours. The obtained black powder 
was pressed into pellets and sintered at 850° C for 48 hours. 
Magnetic properties were measured on a pellet pressed from the crushed crystals 
using a Quantum Design MPMS (SQUID) magnetometer from 2–300K. In-plane electri-
cal conductivity on single crystal samples was measured by a four-probe Kelvin method 
and by a two-point method for the out of plane resistivity from 50–300K. A Keithley 236 
was used for sourcing and an Agilent 3458 for measuring the voltage drop. A Seebeck 
effect measurement was performed on  a  crystal of 1.5 × 0.3 × 0.01mm in  dimensions 
from 50–300K. The high temperature Seebeck coefficient and resistivity were measured 
using a Linseis LSR-3 on a pressed powder sample bar of 9.7 × 1.3 × 0.9mm. 
735.2 Synthesis and experimental methods
Figure 5.1 SEM image of a Bi8Rh7O22 single crystal
5.3 Structure determination
5.3.1 SXRD refinement
EDS measurements on  six samples signified a  Bi/Rh ratio of approximately 1.144:1 
as reported in table 5.1. No Cu was found in the crystals. Initial analysis of the SXRD 
data indicated a centrosymmetric triclinic unit cell with dimensions as shown in table 
5.2. Direct methods were used to determine the heavy atom positions, initially assum-
ing a Bi:Rh ratio of 1:1. It soon became apparent that the true ratio was 8:7 (~1.143) 
owing to the placement of one Rh atom on the 1f site (see table 5.3). The positions of the 
oxygen atoms were then found by difference Fourier synthesis, resulting in a chemical 
formula of Bi8Rh7O22. Refinement details are given in table 5.2 and the refined atomic 
positions and displacement factors are listed in table 5.3. The displacement factors of Bi 
were refined anisotropically, but the relatively large number of parameters only allowed 
refinement of isotropic parameters for Rh and O. The structure of Bi8Rh7O22 is shown 
in figure 5.2. Figure 5.2a and b present the atom arrangement in one unit cell in which 
the positions of Rh and Bi atoms are labelled. Rh has six-fold coordination. For clarity, 
the full coordination of only Rh3, Rh4 and Bi1 are shown in figure 5.2a. The structure 
is composed of layers of edge-shared RhO6 octahedra in a two-dimensional CdI2-type 
network sandwiched by double bismuth oxide layers (figure 5.2c). The layer of octahe-
dral RhO6 is well-defined and the Rh atoms form a triangular sublattice, which is shown 
more clearly in figures 5.2d and e. It can be observed that the oxygen atoms create flat 
5. Structure and properties of Bi8Rh7O2274
layers of RhO6 octahedra, when viewed perpendicular to the ab plane in figure 5.2c. The 
RhO6 layer is close-packed, which is remarkable because most other reported bismuth-
based rhodate structures show voids or gaps in the RhO6 network [7–10]. Its density of 
8.93 g/m3 is the highest among those of all reported bismuth rhodium oxides [7–10]. The 
layers are stacked perpendicular to the ab plane. However, the growth along c axis seems 
difficult since the crystals are in the form of flakes with a small thickness. Furthermore, 
big crystals are prone to cleave off into thinner layers, reflecting weak bonds between 
layers. This is also reflected in the observation of smeared diffraction spots and diffuse 
scattering in larger crystals, which suggests substantial disorder and/or the rotation of 
planes in  the c-direction. Consequently, Bi8Rh7O22 can be considered a 2D structured 
material. Rh-O distances are shown in table 5.4 and are in good agreement with those 
reported by Mizoguchi et al. for the systems Bi1.4CuORh5O10 [9], (Bi6O5)Rh83+Rh44+O24 
[7], AA’2Rh6O12 [10] and Bi2/3Ce1/3Rh2O5 [8]. The full data on Rh-O, Bi-O and Rh-Rh 
distances are also presented in table 5.4. In hexagonal Rh2O3, the Rh-O distance is ~2.04 
Å for Rh3+ [11]. The interatomic distance is expected to decrease when the Rh oxida-
tion increases. The average Rh-O distance in Bi8Rh7O22 (taking into account all Rh-O 
distances below 2.5 Å) is 2.028 Å, suggesting that the average oxidation state of Rh must 
be larger than 3+. The bond valence sum s of each Rh was calculated using the equation
 𝑠𝑠𝑠𝑠 = exp [(𝑟𝑟𝑟𝑟0 − 𝑟𝑟𝑟𝑟)/𝐵𝐵𝐵𝐵] , (5.1)
where ro is the bond valence parameter, B is an empirical parameter that is commonly 
0.37 [12], and r is the Rh-O bond distance. The bond valence was first calculated for 
individual Rh-O and Bi-O distances for each of the four Rh and Bi atoms, and the bond 
valences were then summed up for each Rh and Bi atom as listed in  table 5.5. Bond 
valence parameters r0 of 1.800 Å for Rh3+ and 1.844 Å for Rh4+ were used for the cal-
culation of Rh-O bonds [13]. Applying two sets of r0 provides an overview of the bond 
valence of each Rh atom. It is observed that Rh1 and Rh2 are close to 3.5+ while Rh3 is 
close to 4+ and Rh4 close to 3+. Thus, the bond valence parameters for Rh3+ and Rh4+ 
are applied for Rh4 and Rh3, respectively. For Rh1 and Rh2, a weighted average of ro 
values for Rh3+ and Rh4+, i.e. ro = 1.822 Å, is used to calculate the bond valences [13].  The 
accuracy of the bond distances is 0.05 Å which gives rise to significant uncertainties as 
shown in the table. The bond valence sums for Rh show that in a formula unit with seven 
Rh atoms, there are four Rh3.5+ (two Rh1 and two Rh2 sites), one Rh4+ (Rh3 site) and two 
Rh3+ (two Rh4 sites). A bond valence parameter is only available for Bi3+ with a value of 
2.094Å [12]. Using this ro led to a bond valence sum of Bi2.67+ which differ distinctly from 
3+. This means that the ro value applied must be adjusted towards Bi2+, at least for the Bi3 
and Bi4 sites. As a result, the oxidation state of Bi would become closer to 2+. This is also 
consistent with the fact that the calculated bond valence sum of Bi and Rh exceeds the 
required positive charge for charge neutrality in the crystal.
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Table 5.1 Atomic Bi/Rh ratio from EDS analysis




Rh 1.186 1.167 1.073 1.147 1.165 1.126 1.144 1.143
The structure can be envisaged as a new variant in the family of layered rhodium and 
cobalt oxides containing hexagonal CdI2-type layers of edge-shared RhO6 or CoO6 
octahedra. Currently three structure types are known within this family: the CdI2-type 
layers can be separated by alkali cations as in NaxCoO2 and KxRhO2, by square-lattice 
rocksalt-type blocks in  for example Ca3Co4O9 and Bi1.8Ba2Rh1.9Oy, and by a  probable 
fluorite-type block in Bi5.4Sr2.7Rh6.9O22.5 [14–16]. Figure 5.3 shows the crystal structure 
illustration of NaxCoO2 and Ca3Co4O9. These materials have been referred to as “hybrid 
crystals” or “composites” due to the largely independent nature of the two sublattices, 
which are weakly held together and often exhibit lattice incommensurability leading to 
“misfit-layer” structures. Our Bi8Rh7O22 crystals are different to the other members of 
this family in that the bismuth oxide layer also forms a pseudo-hexagonal lattice. In lay-
ered compounds this is an unusual structural motif for bismuth oxide, which usually 
forms a square lattice. As shown in figure 5.2e, there is no direct matching between the 
hexagonal rhodium oxide and bismuth oxide sublattices, presumably due to the greatly 
different radii of the Rh and Bi cations. The two sublattices are rotated by ~20° with 
respect to each other, but the structure is commensurate in the pseudo-hexagonal basal 
plane and thus Bi8Rh7O22 is not a misfit-layer compound. The double Bi layers are situ-
ated quite close to the oxygen triangular sublattice of the RhO6 octahedral layers. The 
maximum Bi-O distance within the Bi-O layer is 2.44 Å whereas the inter-layer Bi-O 
distances range from 2.346 to 2.686 Å. This indicates that inter-layer Bi-O bonds are 
possible as shown in figure 5.2f. 
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Table 5.2 Crystallographic summary














D (calculated) (g/cm3) 8.93 g/cm3
Crystal size (mm) 0.04x0.02x0.01
Absorption coefficient (mm-1) 74.276
F(000) 1139
θ range (degree) 2.934–23.250




Max and min transmission 0.0932- 0.0432
Refinement method Full matrix least squares on F2
Data/restraints/parameters 1378/0/95
GOF on F2 1.621
Final R indices [I > 4σ(I)] 0.1029   wRobs (F2) = 0.2519
R indices (all data) 0.1576   wRall (F2) = 0.2752
Largest peak and hole 12.50 and  -4.19 eÅ3
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Figure 5.2 Layer structure of Bi8Rh7O22 showing edge-shared RhO6 octahedra 
(purple) in a unit cell (a), with the coordination of Rh and Bi (b), and in an extended 
framework viewed along b axis (c). (d) and (e) show the top view projection of RhO6. 
Some Bi-O distances are labelled in (f). Bi is in yellow, Rh blue and O red. 
5. Structure and properties of Bi8Rh7O2278
Figure 5.3 Schematic illustration of the crystal structure of NaxCoO2 (a) and Ca3Co4O9 [17]
Table 5.3 Atomic coordinates and displacement factors (U) for Bi8Rh7O22
Atom Wyck. Site x/a y/b z/c U [Å2]
Bi1 2i 1 0.7675(4) 0.3183(4) 0.1698(4) 0.0168(11)
Bi2 2i 1 0.7498(4) 0.1635(4) 0.8476(4) 0.0207(11)
Bi3 2i 1 0.2934(5) 0.3209(5) 0.1528(4) 0.0251(11)
Bi4 2i 1 0.7746(6) 0.7998(4) 0.1524(4) 0.0290(12)
Rh1 2i 1 0.0721(7) 0.1426(7) 0.4983(6) 0.0016(13)
Rh2 2i 1 0.7860(8) 0.5693(7) 0.5018(7) 0.0022(13)
Rh3 1f -1 ½ 0 1/2 0.0026(17)
Rh4 2i 1 0.6392(8) 0.2843(7) 0.5077(6) 0.0031(13)
O1 2i 1 0.916(8) 0.108(7) 0.386(6) 0.016(12)
O2 2i 1 0.0712(7) 0.385(6) 0.392(6) 0.009(11)
O3 2i 1 0.369(9) 0.966(7) 0.387(7) 0.022(13)
O4 2i 1 0.644(7) 0.536(7) 0.380(6) 0.012(11)
O5 2i 1 0.798(6) 0.322(6) 0.614(5) 0.001(9)
O6 2i 1 0.212(8) 0.178(7) 0.608(7) 0.018(12)
O7 2i 1 0.485(8) 0.256(7) 0.389(7) 0.022(13)
O8 2i 1 0.769(7) 1.079(7) 0.073(6) 0.015(12)
O9 2i 1 0.140(9) 0.644(8) 0.096(8) 0.031(15)
O10 2i 1 0.455(8) 0.386(7) 0.915(7) 0.021(13)
O11 2i 1 0.078(7) 0.290(7) 0.085(6) 0.014(12)
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Table 5.4 Interatomic distances (Å)
Atom 1 Atom 2 d 1,2 [Å] Atom 1 Atom 2 d 1,2 [Å]
Bi1 O11 2.23(5) Rh1 Rh3 3.033(5)
Bi1 O10 2.33(5) Rh1 Rh4 3.039(7)
Bi1 O8 2.33(5) Rh1 Rh2 3.045(7)
Bi1 O9 2.43 (7)
Bi1 O4 2.61(5) Rh2 O7 1.96(5)
Bi1 O1 2.62(6) Rh2 O2 1.99(5)
Bi1 O7 2.69(6) Rh2 O5 2.01(4)
Bi1 Rh4 3.089(7) Rh2 O4 2.05(5)
Rh2 O2 2.05(5)
Bi2 O10 2.11(5) Rh2 O6 2.06(5)
Bi2 O8 2.19(6) Rh2 Rh2 3.024(11)
Bi2 O5 2.35(5) Rh2 Rh1 3.027(7)
Bi2 O9 2.36(6) Rh2 Rh4 3.031(8)
Bi2 Bi4 3.64(5) Rh2 Rh4 3.034(7)
Bi2 Bi3 3.65(5) Rh2 Rh1 3.045(7)
Rh2 Rh3 3.051(5)
Bi3 O11 2.19(5)
Bi3 O9 2.28(6) Rh3 O3 1.91(6)
Bi3 O10 2.31(6) Rh3 O3 1.91(6)
Bi3 O2 2.37(5) Rh3 O6 2.04(5)
Bi3 Bi4 3.63(5) Rh3 O6 2.04(5)
Bi3 Bi2 3.65(5) Rh3 O7 2.05(5)
Rh3 O7 2.05(5)
Bi4 O8 2.18(5) Rh3 Rh4 3.024(5)
Bi4 O11 2.31(5) Rh3 Rh1 3.033(5)
Bi4 O6 2.44(6) Rh3 Rh2 3.051(5)
Bi4 O9 2.45(6)
Bi4 Bi3 3.63(5) Rh4 O1 2.03(5)
Bi4 Bi2 3.64(5) Rh4 O4 2.04(5)
Rh4 O3 2.05(6)
Rh1 O6 1.95(6) Rh4 O5 2.06(4)
Rh1 O2 1.98(5) Rh4 O7 2.09(6)
Rh1 O5 2.01(4) Rh4 O4 2.12(5)
Rh1 O1 2.04(5) Rh4 Rh3 3.024(5)
Rh1 O1 2.08(5) Rh4 Rh2 3.031(8)
Rh1 O3 2.10(6) Rh4 Rh1 3.032(7)
Rh1 Rh1 3.026(10) Rh4 Rh2 3.034(7)
Rh1 Rh2 3.027(7) Rh4 Rh1 3.039(7)
Rh1 Rh4 3.032(7) Rh4 Rh4 3.048(9)
5. Structure and properties of Bi8Rh7O2280
Table 5.5 Bond valences and Bond valence sum (BVS) of Rh and Bi
Atom Bond valence sum Atom Bond valence sum
Rh1 3.49 ± 0.49 Bi1 2.84 ± 0.37
Rh2 3.52 ± 0.47 Bi2 2.88 ± 0.39
Rh3 3.98 ± 0.54 Bi3 2.60 ± 0.35
Rh4 2.93 ± 0.4 Bi4 2.35 ± 0.32
BVS of Rh 3.41 ± 0.47 BVS of Bi 2.67 ± 0.36
5.3.2 XPS
From the refinement of single crystal XRD data and the bond valence calculations, we 
infer that Rh is likely to have a mixed oxidation state of +3 and +4. A common way to 
check the presence of different oxidation states of an element in a compound is to use 
XPS. When an element is oxidised to an ion, the XPS peak will be shifted by a few eV 
to higher binding energies. If mixed-valent Rh3+/Rh4+ occurs, we should observe peak 
splitting or a broad peak that can be fitted with two components originating from the 
chemical shifts and the valence difference. 
The full-ranged XPS spectrum (0–1000 eV) reveals the presence of Bi, Rh, O and 
C, which is consistent with the EDS spectrum. The trace of carbon in EDS measurements 
originates from the sample holder. In XPS measurements, there is carbon contamination 
of the spectrum from the gold grid that covers the sample during the measurement pro-
cess. Figure 5.4 shows the curve-fitted XPS spectra for Rh 3d5/2 (a), Bi 4f7/2 (b) and O 1s 
(c). The Rh 3d5/2 photoelectron peak is smooth and has an asymmetric line shape but no 
clear splitting can be seen. Such asymmetry also occurs with the metallic Rh 3d5/2 pho-
toelectron peak. The explanation is that the non-localized conduction electrons couple 
with a  localized core resulting in  the asymmetric line shapes observed in XPS [18]. Y. 
Abe et al. predict that RhO2 may also have an asymmetric peak shape in some crystal-
line phases [19]. Deconvolution of the Rh 3d5/2 spectrum yields two component peaks 
at 308.84 and 309.74 eV with a FWHM of 1.35 eV, which is greater than the resolution of 
1.28 eV as mentioned in chapter 2. These binding energies represent chemical shifts of 
+ 1.6 and 2.5 eV with respect to that of elemental Rh at 307.2 eV. The binding energy 
of Rh 3d5/2 for the surface RhO2 layer of an annealed Rh substrate has been reported 
to be 308.6 eV [6] and 309.4 eV [20]. Thus, a chemical shift of the core level to higher 
energy at 309.74eV is evidence for Rh4+ 3d5/2 due to a decrease of the valence electron 
charge. The higher binding energy shift of Rh4+ compared to the previously reported 
data may result from the complexity of the structure. The binding energy associated 
with Rh 3d5/2 in Rh2O3 has been reported to be less than 308.5 eV for both hexagonal 
and orthorhombic Rh2O3 [21–23]. However, it can vary in more complex compounds. 
For instance, the binding energies of core shell level Rh 3d5/2 are 308.6 eV for CaRh2O4 
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and 309 eV for Rh2MoO6 [24]. Consequently, the Rh 3d5/2 binding energy of 308.84 eV 
in Bi8Rh7O22 corresponds to Rh3+. The Rh3+/Rh4+ ratio is calculated by taking the ratio 
of the peak areas corresponding to Rh3+ and Rh4+. The resulting Rh3+/Rh4+ ratio is ~4:1 
which indicates that the average oxidation state of Rh is ~ +3.25.  This is reasonably close 
to the average bond valence sum of Rh mentioned above in table 5. 
Figure 5.4b shows the deconvolution of the core level Bi spectra revealing two 
components centered at 158.33 and 159.47 eV with a FWHM of 1.37 eV. The crystal 
structure and bond valence calculation suggest that mixed-valent Bi2+/Bi3+ is present. 
The binding energy of 158.33 eV is smaller than that reported for Bi3+ 4f7/2 at 158.6 eV 
in the simplest bismuth oxide Bi2O3. Taking into consideration the complexity of our 
compound and the lower binding energy than that of Bi3+, we ascribe the peak at 158.33 
eV to Bi2+ 4f7/2 although no XPS data on divalent bismuth have been reported in  the 
literature. The binding energy of the core shell level Bi3+ 4f7/2 is 159.4 eV for Bi2MoO6, 
159.5 eV for Bi2Ti2O7 and 159.6 eV for Bi2Mo2O9 [24]. Hence, we assume that the com-
ponent with a binding energy of 159.47 eV can be assigned to Bi3+. The Bi2+/Bi3+ ratio is 
estimated as 4.6:1 leading to an average Bi valence of approximately 2.14+. This valence 
is considerably smaller than that shown in the bond valence sum calculation. The charge 
balance is not met as some positive charges are lost. We know that the XPS is a tool 
to explore the surface of a sample only. The oxidation state ratio calculated from XPS 
should therefore be considered only as a guide for the SXRD refinement. Furthermore, 
accurate valence state ratios can be determined only when the component peak posi-
tions are determined exactly based on a reference element in the compound. Knowing 
the accurate peak position of the reference element, the peak shift can be determined 
by subtracting the reference binding energy from the measured values. This systematic 
peak shift should then be applied to all measured peaks by subtracting/adding to the 
measured ones. In our case, there is no suitable reference compound due to the mixed 
valences of both Bi and Rh. Thus, a  possible binding energy shift of 0–3 eV can be 
applied. Nevertheless, the XPS measurement of Bi8Rh7O22 strongly confirms the pres-
ence of mixed-valent Rh3+/Rh4+ and Bi2+/Bi3+ as we concluded from the structure refine-
ment and bond valence sum calculation. 
The core level O  1s spectra contain peaks corresponding to various bonds 
between oxygen and Bi and Rh ions. Many reports on the fitting of O 1s spectra show 
that the spectra can be fitted with two or more component peaks depending on  the 
bonding species in  the compound [25–27]. Figure 5.4c shows the O  1s spectrum for 
Bi8Rh7O22. We can clearly observe a splitting of the O 1s peak. This splitting can originate 
from four types of Bi-O and Rh-O bonds (each cation has two possible valence states). 
The deconvolution reveals five component peaks with a FWHM of 1.38 eV. Their bind-
ing energies range from 529.65 to 534.02 eV. The first 4 peaks are ascribed to two Rh-O 
bonds and two Bi-O as their intensities are similar. The fifth peak may originate from 
oxygen contamination of the gold grid.  
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Figure 5.4 XPS spectra of Rh 3d5/2 (a), Bi 4f7/2 (b) and O 1s (c)
5.3.3 PXRD patterns 
5.3.3.1 Single crystal
The crushed crystals are coarse as the flaky crystals are flexible and flat, thus it is impos-
sible to obtain a  powder sample with random orientations of the crystallites in  this 
manner. A PXRD pattern, collected using Bragg-Brentano geometry, is shown in Figure 
5.5 reflecting the preferred orientation. The most intense peak near 2θ = 300 is 103 which 
overlaps with the 003 peak on the right side. The preferred orientation strongly biases 
the intensities and meaningful refinement of the atomic positions is difficult, even when 
a preferential orientation correction is included.
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Figure 5.5 PXRD pattern of single crystal Bi8Rh7O22 at room temperature
5.3.3.2 Polycrystalline sample 
Since the structure of Bi8Rh7O22 has not been reported before, we used the structure 
information taken from the single crystal refinement taken at  100K to fit the XRD 
pattern of the polycrystalline sample at  room temperature. The fitted XRD pattern is 
presented in figure 5.6. Most peaks match well. However, small impurity peaks corre-
sponding to Bi2O3 are indicated by black arrows. The crystal structure is triclinic P1�  
with lattice parameters a  = 8.0377(4) Å, b = 8.04133(0) Å, c = 9.79712(6) Å, α = 76.453(4), 
β = 69.373(3), γ = 59.937(0). The lattice parameters at  room temperature are slightly 
larger than those of the single crystal measured at  100K. Although a  [001] preferred 
orientation correction was necessary to better fit the peak intensities, comparison with 
figure 5.5 indicates that the crystallites in this sample are more randomly oriented than 
in the crushed single crystal sample.
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Figure 5.6 Measured (black line) and fitted (red solid line) PXRD pattern of polycrystalline 
Bi8Rh7O22. The purple line represents the difference between the measured and the calculated data
5.4 Experimental results and discussion
5.4.1 Magnetic properties
The temperature dependence of the magnetic susceptibility was measured on warming 
in 1000 Oe in zero field cooled (ZFC) and field cooled (FC) modes (1000 Oe). The FC 
and ZFC curves deviate slightly from each other. Figure 5.7 presents the FC magnetic 
susceptibility and the reciprocal susceptibility as a  function of temperature. The sus-
ceptibility decreases with temperature and has a small positive value indicating a para-
magnetic nature. No magnetic phase transition can be observed between 5 and 300K. 
Figure 5.8 shows the M-H curve from -1 to 1 T. The opening is very small and within 
measurement error. There is no sign of saturation. This is understandable because there 
are no permanent or spontaneous magnetic moments in a paramagnet. In addition, the 
magnetic moments are randomly oriented and rapidly fluctuating. The reciprocal sus-
ceptibility is not fitted well with the Curie-Weiss law χ = C/(T-θ) over the entire tempera-
ture range. The FC curve was divided into two linear ranges of 5–65K and 95–300K. Two 
ranges were fitted with the Curie-Weiss law and the fitting parameters are shown in table 
5.6. We know that Rh4+ (4d5) in Bi8Rh7O22 is in the low spin state (S = +1/2) in which an 
effective moment peff of 1.73 µB is expected per Rh4+ ion. Based on the bond valence sum 
calculated above, in a formula unit there is one Rh4+ site and there are four Rh3.5+ sites 
giving rise to the presence of three spins per formula unit. The Curie constant of one 
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spin S = +1/2 is 0.375 emu.K/mol. The Curie constants C shown in table 5.6 indicate that 
in  the low temperature range, there are approximately two spin ½ atoms per formula 
unit whereas in the high temperature range, three spin ½ atoms are observed. Thus, the 
high temperature magnetic moment is consistent with the crystal structure refinement 
at 100K. Our results suggest that there might be a transition between 60 and 90K which 
leads to a change in magnetic moment. The Curie-Weiss temperature θ = -64.6K for the 
range 95–300K is relatively high, reflecting that the spins in the triangular Rh lattice are 
highly frustrated if we consider there is no long range-order observed.
Figure 5.7 FC magnetic susceptibility χ and inverse susceptibility of Bi8Rh7O22
Figure 5.8 M-H curve of Bi8Rh7O22
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Table 5.6 Magnetic parameters of Bi8Rh7O22 
Temperature 








5–55 -10.6 0.71 2.38 0.75 (~2 spin ½)
95–300 -64.6 1.12 2.99 1.13 (~3 spin ½)
5.4.2 Electrical resistivity
Figure 5.9 shows the electrical resistivity of Bi8Rh7O22 crystal with a  thickness of 
0.010 ± 0.001 mm, measured in-plane (ρab) and out of plane (ρc). The resistivity reduces 
with increasing temperature, reflecting the behavior of a semiconductor. ρc changes very 
little with temperature above 150K, following similar observations for some other lay-
ered rhodates [3, 10]. However, the end tail of ρc close to room temperature shows an 
increase with increasing temperature, typical for metallic conduction. There appears to 
exist a change in conduction mechanism due to thermal activation. ρab above 200K is 
more than four orders of magnitude lower than ρc. Figure 5.10 illustrates the tempera-
ture dependence of the resistivity anisotropy ρc/ρab. The error in ρc is smaller than 0.05% 
and within the accuracy of the measurement results. At room temperature, the electrical 
anisotropy ρc/ρab reaches 1.7 × 104, with ρab ~3.2 × 10–4 Ω.m and ρc ~ 4.9 Ω.m. This high 
transport anisotropy is of interest and reflects the characteristics of the layered structure. 
Figure 5.11 presents lnσ versus 1/T from which we extract an activation energy of 35 
meV for the in-plane conduction and 24 meV for the out of plane conduction (50–240K). 
Figure 5.9 Temperature dependence of in-plane and out of plane resistivity of Bi8Rh7O22
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At room temperature, the in-plane resistivity of Bi8Rh7O22 is about six orders of magni-
tude lower than that of other reported bismuth rhodium oxides [7, 9]. Those rhodates 
contain mixed-valent Rh3+/Rh4+. Rh3+ (4d6) has a filled t2g band while for Rh4+, the t2g 
band is only 83% filled. Hence, one should expect a higher resistivity in Rh3+ compounds 
compared to Rh4+ compounds. Oxides of Rh3+ are semiconductors and can possess resis-
tivities as high as 1 × 107 Ω.m [28]. Figure 5.9 shows an example of a polycrystalline Rh3+ 
delafossite, CuRhO2, which has a resistivity ρCuRhO2 bulk nearly four orders of magnitude 
higher than the in-plane resistivity of Bi8Rh7O22. Meanwhile, oxides of Rh4+ typically 
show electrical conductivity between a semiconductor and good metal [10]. For instance, 
polycrystalline Sr4Rh34+O10 shows a resistivity of about 1 ohm.m at 300K [3]. In addition, 
the reported resistivity is almost temperature independent above 250K as we observe 
for our Bi8Rh7O22 single crystal. Consequently, the low resistivity of Bi8Rh7O22 supports 
the conclusion of the crystal structure refinement and XPS data that the crystal contains 
a significant amount of Rh4+. It is promising that although the transport measurement 
reflects semiconducting behaviour, the resistivity is extremely low.
The small dimensions of the crystal do not allow the measurement of transport 
properties in our lab measurement systems at high temperature. Therefore, a bulk poly-
crystalline sample was measured instead. Figure 5.12 shows the electrical resistivity of 
bulk Bi8Rh7O22 in the high temperature range together with the in-plane resistivity below 
300K. The bulk resistivity is comparable to the in-plane resistivity at room temperature 
in this measurement. We notice that above 250K, the resistivity changes little. This makes 
it easier to establish the thermoelectric performance at high temperatures. If we consider 
an anisotropic material, the resistivity is always determined by the component with the 
lowest value. This explains why the bulk resistivity is very similar to the in-plane value. 
5.4.3 Seebeck coefficient and power factor
 The Seebeck coefficient of a  Bi8Rh7O22 crystal was measured in  the ab plane (Sab) 
from 60–300K. The high temperature Seebeck effect was measured on  a  polycrystal-
line sample (Sbulk) from 300–850K. The two sets of measurements are shown in figure 
5.13. We observe the opposite trends: Sab decreases with increasing temperature while 
Sbulk increases with temperature and exhibits a slope change at around 605K, reaching 
250 µV/K at  850K. This thermopower value is reasonable considering that Bi8Rh7O22 
is a semiconductor. It is about 30% smaller than that of (Bi6O5)(Rh12O24) below room 
temperature but still has the same increasing trend, while the resistivity of Bi8Rh7O22 
is five orders of magnitude smaller [7]. Actually, very few studies have been reported 
on the Seebeck effect and power factor (PF) of bismuth rhodium oxides.  
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Figure 5.10 Temperature dependence of electric anisotropy of Bi8Rh7O22
Figure 5.11 Plot of lnσ versus 1/T for in-plane (sab) and out of plane (sc) conductivity
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Figure 5.12 Temperature dependence of resistivity of single crystalline and 
bulk Bi8Rh7O22 in low and high temperature ranges, respectively
Figure 5.13 Temperature dependence of the Seebeck coefficient of single crystalline (ab plane) 
and bulk polycrystalline Bi8Rh7O22 in low and high temperature ranges, respectively
Due to the low resistivity which is nearly temperature independent at in the high tem-
perature range, the increasing Seebeck coefficient leads to a considerable enhancement 
in  the power factor (PF). The PF is plotted versus temperature for the two samples 
in figure 5.14. In both temperature ranges, the increasing trend of the power factor up to 
800K indicates a promising thermoelectric performance of Bi8Rh7O22. At 700K, the PF 
of Bi8Rh7O22 is comparable to that obtained for Zn0.5Rh2O4 and its related compounds, 
which possess an A-site-deficient spinel structure [29]. The polycrystalline trilayered 
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perovskite Sr4Rh3O10, whose structure belongs to the Ruddlesden-Popper type, shows 
metallic conduction with a  high resistivity. Nevertheless, metallic Sr4Rh3O10 exhib-
its a  small positive Seebeck coefficient resulting in a much smaller power factor than 
Bi8Rh7O22 [3]. If we consider one-dimensional compounds, Ca3Co2O6 and Ca3CoRhO6, 
which are also semiconductors, have resistivities about six orders of magnitude higher 
than that of Bi8Rh7O22 at  room temperature while their Seebeck coefficients are just 
a few times higher than that of Bi8Rh7O22 [30]. The PF of Bi8Rh7O22 at high temperatures 
exceeds the best power factors reported for the doped delafossite CuCr1-xMgxO2 with 
x = 0.02, which is ~1.4 × 10–4W/(m.K2) [31–33].  The properties of Bi8Rh7O22 appear to 
be rather similar to those of other layered CdI2-type rhodium and cobalt oxides, which 
are among the best p-type oxide thermoelectrics. The PF is comparable to that of poly-
crystalline Ca3Co4O9 (225µW/mK2 at 1000K) [34] and Bi5.4Sr2.7Rh6.9O22.5 (248 µW/mK2 
at  room temperature) [35]. However, it is about two orders of magnitude lower than 
the traditional thermoelectric alloy Bi2Te3 at 300K [36]. Nevertheless, layered structures 
related to Bi8Rh7O22 have generally very low in-plane lattice thermal conductivity, which 
decreases with increasing layer complexity [16] and leads to some of the best ZT values 
reported for oxides. It has also been observed that rhodates in  this structural family 
have lower lattice thermal conductivity than cobaltates [37]. Therefore, we can expect 
that Bi8Rh7O22 will also have low thermal conductivity and that it is a promising new 
thermoelectric material.
Figure 5.14 Power factor of single crystalline (ab plane) and bulk polycrystalline 
Bi8Rh7O22 in low and high temperature ranges, respectively
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5.5 Conclusions 
We have grown black shiny crystals from bismuth and rhodium oxides in a Bi2O3 flux. 
Structure solution from SXRD data has revealed a new 2D layered structure whose for-
mula is Bi8Rh7O22. The structure is composed of layers of edge-shared RhO6 octahedra 
sandwiched by two double-bismuth-oxide layers. It can be considered a new variant of 
the hexagonal CdI2-type layered structure of edge-shared RhO6 or CoO6 octahedra but it 
is not a misfit compound. The bond valence sum calculation suggests that Rh is mixed-
valent with an oxidation state of about 3.5+ and Bi is close to 2+. The fitting of XPS spec-
tra also reveals two oxidation states of Rh and two oxidation states of Bi confirming the 
SXRD refinement. Bi8Rh7O22 is a paramagnet. Fits to the Curie-Weiss law for temperature 
ranges above and below 95K suggest that there are three spin ½ and two spin ½ atoms, 
per formula unit, respectively, consistent with the bond valence sum calculations for the 
different Rh sites. This material shows semiconducting behaviour with a low resistivity 
of 3.2 × 10–4 Ω.m at 300K. The resistivity is almost temperature independent from 250K 
to 800K. The resistivity also exhibits remarkable anisotropy between the ab-plane and 
the c-axis of the order of 104 at 300K. The power factor PF of Bi8Rh7O22 is ~2 × 10–4 W/
(m.K2) at 600K. The layered structure with a reasonable PF at high temperature makes it 
a promising thermoelectric material. 
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6.1 Introduction to frustration in A-site spinel
The spinel structure of AB2X4 is constructed from a  conventional face-centered cubic 
(fcc) lattice of oxygen ions. The cubic unit cell is composed of four tetragonal sub-units, 
each consisting of two formula units contained in two octants of the cubic cell. In total, 
there are thus 8 formula units per cubic unit cell of spinel. Figure 6.1a and b illustrate 
the structure, indicating that A2+ ions occupy the tetrahedral sites in AX4 units and B3+ 
ions occupy the octahedral sites in BX6 units. A-site spinels are defined by the normal 
spinel structure, in which magnetic ions (Fe2+, Co2+, Mn2+) occupy the A sites and non-
magnetic ions occupy the B sites. The A-site ions form a diamond lattice as presented 
in figure 6.1(c). It contains two fcc cubic sublattices with their origins at (0, 0, 0) and (¼, 
¼, ¼), respectively. Chalcogenide spinels have their X sites occupied by S or Se. A-site 
spinels are geometrically spin-frustrated systems which can be characterized as spin 
liquids, such as MnSc2S4, or spin-orbital liquids, such as FeSc2S4 caused by geometrical 
frustration [1]. 
Frustration occurs as different interactions in the structure compete and cannot 
be satisfied simultaneously. If  we consider the diamond lattice of the sulfur-based 
A-site spinel MnSc2S4, we expect a collinear antiferromagnetic (AF) spin-only system 
with S = 5/2, if only the nearest-neighbour (NN) J1 interactions are included. Then, no 
frustration is present. This assumption does not hold and the ‘frustration parameter’ 
f = |ΘCW|/TC ~11.5 for MnSc2S4 is evidence of a highly frustrated magnet [1, 2]. There are 
additional interactions that cause the strong frustration observed experimentally.  The 
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exchange interactions J2 between the next-nearest-neighbours (NNN) compete with J1 
and give rise to large frustration for J2/J1 > 1/8. For the entire diamond lattice as shown 
in figure 6.1(c), the NN interaction J1 couples the two fcc spin sublattices antiferromag-
netically and the NNN interaction J2 couples cations within the same fcc sublattice. Roth 
[3] proposed that the principal superexchange interactions linking the A sites involve 
at least five ions and are weakly antiferromagnetic. The exchange paths are A-X-B-X-A 
within the 12 nearest neighbours of the fcc sublattice. In  other words, the exchange 
J1 is between the four NN in  different sublattices connected via a  sixfold interaction 
path A-X-B-X-A, and the exchange J2 is between twelve NNN in the same sublattice via 
a twofold interaction path. There are also twelve third-NNN coupled via a single path. 
It is noted that the NNN and third-NNN exchange are not necessarily small but can 
be comparable to NN exchange in the diamond lattice. Calculations show for J2/J1 > 1/8 
strong frustration which leads to a highly degenerate ground state with spin spirals and 
sharp suppression of TC. This results in a broad spin-liquid range TC ≤ T ≤ |ΘCW|, where 
fluctuations occur among many low energy configurations and a  long-range ordered 
magnetic state is absent [4].
Chalcogenide sulfur-based A-site spinels including MnSc2S4 and FeSc2S4 have 
been investigated to study spin and orbital frustration [1, 5–9]. FeSc2S4 exhibits no long 
range ordering above 50 mK and is among the materials having the largest frustration 
parameter ≥1000 [1]. FeSc2S4 has been characterized as a spin-orbital liquid and contains 
Fe2+ ions which are Jahn-Teller active. This compound seems to attract more attention 
than MnSc2S4 which is a pure spin-liquid due to the half- filled 3d shell and zero orbital 
moment of the Mn-ions. Based on a study of a model of the diamond-lattice antifer-
romagnet, suitable for many spinel compounds, the ordering mechanism is proposed to 
be an entropic splitting phenomenon: the so-called ‘order by disorder’ [4]. It coincides 
with a drastic suppression of TC relative to ΘCW, and an emergence of a ‘spiral spin-liquid’ 
regime at higher temperatures in which fluctuations occur among degenerate spin-spi-
rals. Entropy plays an important role at temperatures higher than TC and the competi-
tion between energy and entropy leads to interesting multistage ordering behavior [4].
This motivates our study on the selenium-based A-site spinel MnSc2Se4 because 
little is known for this system. The sulfur-based analogue has been studied before, as 
mentioned above. The complexity in sample preparation and synthesis may be the reason 
that few studies have been reported on FeSc2Se4 and MnSc2Se4. Only Pawlak reported 
magnetic data on MnSc2Se4 between 4.2K < T < 300K, in which range no magnetic order-
ing occurs [10]. Based on  MnSc2S4, which orders at  1.9 and 2.3K with ΘCW ~-22.9K 
[8],we expect magnetic order in MnSc2Se4 below 4.2K. MnSc2S4 has a frustration param-
eter f = 11.5 and has been characterized as a spin-liquid system in the range TN ≤ T ≤ -ΘCW 
[1, 8]. Moreover, spin-spirals break inversion symmetry and can result in  interesting 
dielectric properties. For other sulfur-based A-site spinels FeCr2Se4 and FeSc2Se4, dielec-
tric spectroscopy has revealed the liquid-orbital dynamics. These compounds exhibit 
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relaxation-type behavior resulting from geometrical frustration [7, 11]. In this chapter, 
we report measurements of the magnetic and dielectric properties of MnSc2Se4 and we 
investigate their coupling.
      
Figure 6.1 Structure of the normal spinel AB2X4: (a) conventional cubic unit cell 
with tetragonal units, (b) tetrahedral AX4 and octahedral BX6 environments, and 
(c) diamond lattice formed by A-site ions. Reproduced from  [12, 13].
6.2 Synthesis
Polycrystalline MnSc2Se4 was prepared using a  solid state reaction from high purity 
elements. Stoichiometric amounts of Mn, Sc and Se (99.99%) were mixed well either 
in a glove box or in air, and then transferred to evacuatedz quartz ampoules. They were 
heated at a rate of 250° C/h to 500° C for 72 hrs, then to 700° C for 72 hrs and to 900° C 
for 96 hrs. The samples were cooled slowly over 50 hrs to 400° C and then naturally 
cooled to room temperature. Fast cooling was performed for another sample by quench-
ing the ampoule at 750° C, for comparison.  The resulting red powder was then ground, 
pelletized and heated slowly over 12 hrs to 850° C, held for 24 hrs and then cooled natu-
rally to room temperature. The latter process was repeated several times to improve the 
quality of the main MnSc2Se4 phase.
The XRD analysis showed that the sample prepared in  air had a  significant 
amount of impurities (MnO, MnSe, Sc2Se3) and gave off a bad smell similar to that of 
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H2S. Probably it was the smell of H2Se resulting from a  trace amount of water if  the 
sample preparation had taken place in air. Hence, the sample preparation was subse-
quently performed in a glove box. Quenching the ampoule resulted in a sample with 
many impurities which could not be removed after further heating. The best sample 
contains trace amount of impurities. The main phase was identified as MnSc2Se4 crys-
tallized in the normal spinel structure with space group Fd3�  m. Figure 6.2 presents the 
fitted XRD pattern at room temperature for polycrystalline MnSc2Se4. The refined lat-
tice parameter is a = 11.11505(7) Å, consistent with the reported value [10]. The refined 
fractional coordinate x of the Se atom on the (x, x, x) 32e site is 0.2570(7), which devi-
ates from the ideal value of ¼ and indicates a small trigonal distortion of the octahedra. 
Such deviations are also found for the Mn and Fe scandate sulfides with 0.2574(5) and 
0.2546(5), respectively [1]. 
Figure 6.2 PXRD pattern and refinement of MnSc2Se4 at 300K
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6.3 Results and discussion
6.3.1 Magnetic properties
The magnetic susceptibility of MnSc2Se4 was measured at 1000 Oe in field-cooled (1000 
Oe) and zero field-cooled modes. There is no visible difference between two curves. 
Figure 6.3a shows the temperature dependence of the susceptibility and the inset zooms 
in on the low temperature range 1.8–3.5K. The inset indicates a clear antiferromagetic 
order at TN~2K. This low ordering temperature is comparable with the TN of MnSc2S4 
observed at 2.2K [7]. Figure 6.3b presents the inverse susceptibility fitted with the Curie-
Weiss law above 50K with ΘCW = (-24.6 ± 0.4) K and an effective moment µeff = 6.03 ± 0.02 
µB. This value is very close to the spin only value of 5.92 for Mn2+ (3d5) s = 5/2. The ratio 
of Curie-Weiss temperature to Neel temperature f = ΘCW/TN ~12.3 reflects significant 
frustration. The inset in figure 6.3b shows significant deviations from the Curie-Weiss 
behaviour below |ΘCW|~24.6K signalling the presence of short-range magnetic correla-
tions. This behaviour was also observed in MnSc2S4, which has been characterized as 
a spin liquid between TN and -ΘCW ~23K [8]. Therefore, MnSc2Se4 is also characterized 
by dynamic short-ranged order caused by frustration effects in the range TN < T < -ΘCW.
6.3.2 Dielectric properties
Figure 6.4 shows the temperature dependence of the capacitance of a sample measured 
at various frequencies. The capacitance has a weak temperature dependence below 200K. 
This dependence becomes larger above 200K, especially for low frequency measurements. 
Since a step-like increase in capacitance with increasing temperatures is not observed up 
to 300K, a Debye-type relaxation is not present. Figure 6.5a and b shows the frequency 
dependence of the dielectric constant ε’ and imaginary permittivity ε’’, respectively. They 
are almost frequency independent in the high frequency range > 1kHz. At 1 kHz, ε’ is 
~ 17 at  300K. Contact contributions can be ignored because the high resistivity and 
the measurements reveal low electric loss below 300K. We observe a step-like decrease 
of ε’ with frequency at 310K, characteristic of relaxation behavior. Figure 6.5c presents 
the frequency dependence of the ac conductivity σac. σac increases with frequency and 
a shoulder is observed for the 310K curve. This shoulder becomes clearer at higher tem-
perature in accordance with the step-like behavior of the dielectric constant. A Cole-
Cole plot is shown in figure 6.6. The measurement temperatures are too low to show 
the typical half circle shape. However, we can notice that ε’’ increases quickly with ε’ 
above 300K. Therefore, we expect a sharp increase in ε’ and ε’’ at higher temperatures 
and a clear shoulder in σac. Such behavior is commonly observed for other dielectrics 
with Maxwell-Wagner behavior, such as in CuCrO2 described in chapter 3. In the spinel 
FeCr2S4, the relaxation occurs at much lower temperature of ~ 20K due to a strong con-
ductivity contribution, and is assigned to orbital freezing [14]. 
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Figure 6.3 Temperature dependence of susceptibility (a) and inverse susceptibility (b) of MnSc2Se4. 
The line represents Curie-Weiss behavior, based on a fit for T > 50 K. The inset zooms in on the low 
temperature range below 75K, where deviations from Curie-Weiss behavior signal spin-frustration.
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Figure 6.4 Temperature dependence of capacitance of MnSc2Se4 at different frequencies
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Figure 6.5 Frequency dependence of dielectric constant ε’ (a), imaginary 
permittivity ε” (b), and ac conductivity σac (c) for MnSc2Se4
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Figure 6.6 A Cole-Cole plot of MnSc2Se4 
Figure 6.7 presents the temperature dependence of the dielectric constant and loss at 100 
kHz in zero field and in 5 T. In the inset of figure 6.7, we notice a maximum in dielectric 
loss around the antiferromagnetic transition ~2K. We observe that ε’ drops drastically 
with decreasing temperature below 25K. The dielectric loss also changes in this regime, 
then slowly increases for T > 50K and increases its slope above 200K. The dielectric con-
stant can be fitted to the following equation:
 ε𝑏𝑏𝑏𝑏(𝑇𝑇𝑇𝑇) =  ε𝑏𝑏𝑏𝑏(0) +  𝐶𝐶𝐶𝐶0exp �ℏω0𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇� − 1 +  𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝛼𝛼𝛼𝛼 , (6.1)
Equation (6.1) if excluding the last term C1/Tα, is similar to Barrett’s equation [15] 
in satisfying the second law of thermodynamics at T = 0 and it yields a classical form of 
linear temperature dependence at higher temperatures [16]. In this equation, C0 is a cou-
pling constant, ħ the reduced Planck constant, kB is the Boltzmann constant and ω0 is the 
mean frequency of the final states of the soft optic branch. The C1/Tα term is associated 
with spin fluctuations. This term expresses the high temperature component in a step-like 
behavior, as observed in spin ice Dy2Ti2O7 [17]. Here, a step-like anomaly was associated 
with the degeneracy of the ground state. Upon applying a magnetic field, this anomaly 
was observed to be suppressed, in line with our observations. The red fit curve is shown 
in figure 6.8 for the data measured at 10 kHz when the C1/Tα term is not included. The fit 
values are εb(0) = 14.00, C0 = 0.496 and ω0 = 57.3 cm-1. There is no infrared or Raman study 
on MnSc2Se4 or MnSc2S4 to compare with our dielectric constant. The inset in figure 6.8 
shows the difference between the experimental dielectric constant and Barrett’s equa-
tion, ∆ε, plotted as a function of temperature. Fitting this deviation at low temperature 
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with the power law C1/Tα term results in a value of α~1.11. This indicates that the spin 
fluctuations result in  a  contribution inversely proportional to temperature. At  lower 
temperature, we expect that the dielectric constant becomes temperature independent.
Figure 6.7 Dielectric constant and loss versus T at 100 kHz. The inset 
shows the dielectric loss in small low temperature range
Such a down-turn of the dielectric constant at low temperature has been observed in sev-
eral manganites and titanates. The magneto-dielectric response has been investigated for 
materials with strong spin fluctuations [18, 19]. In the spin-ice material Dy2Ti2O7, a sub-
stantial reduction of ε’ has been reported below 1.5K at zero field, together with a peak 
in the imaginary part ε” close to 1.5K while no magnetic ordering or spin-glass transition 
is observed down to 60 mK [17, 20]. Dy2Ti2O7 has a positive ΘCW ~1.1K and two separate 
spin freezing temperatures at ~4K and 16K, which are both observed as spin relaxations 
in ac susceptibility measurements [21, 22]. The downturn of ε’ decreases with increasing 
magnetic field and is removed near 1T where the spin frustration is almost fully released. 
This downturn is ascribed to ferromagnetic NN interactions in a local 2-in, 2-out spin 
configuration in the corner sharing tetrahedra of the Dy-sublattice, leading to spin-ice 
frustration with residual entropy [17]. In our case of MnSc2Se4, the spin-fluctuations are 
induced by the frustrated magnetic A-site sublattice. The downturn is observed at much 
higher temperatures than for Dy2Ti2O7 and a  magnetic field of 5T does not reduce 
the fluctuations strongly. This indicates that the spin frustration in MnSc2Se4 is rooted 
in larger interactions. At higher temperatures, the dielectric constant is well-described 
by Barrett’s equation. Interestingly, Fritsch et al. reported that in the sulfur-based Mn 
compound MnSc2S4, only 30% of the expected entropy is recovered at TN (~2K) [1]. The 
full entropy is recovered at T~ -ΘCW ~23K. This indicates that the residual entropy below 
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-ΘCW is also observed in the spin-liquid systems MnSc2S4 and MnSc2Se4. The low value 
of TN allows a broad spin liquid regime TN ≤ T ≤ |ΘCW|. The low ordering temperature is 
the result of the geometric frustration of the A-site in the spinel crystal structure. The 
fluctuations are here referred to as ‘order-by-disorder’ which also causes drastic suppres-
sion of TN, and the emergence of a  ‘spiral spin-liquid’ regime. In this regime, entropy 
dominates and produces a spin-spiral liquid [4]. 
Figure 6.8 The red line represents the fit of dielectric constant to equation (1) excluding C1/Tα term 
as a function of temperature at 10 kHz. The inset shows the deviation of the dielectric constant 
from the fit to equation (1) below 100K. The red curve is a fit to the power law C1/Tα term.
6.4 General conclusion
We have investigated the magnetic and dielectric properties of MnSc2Se4, a  spin-
only A-site spinel. It orders antiferromagnetically at  ~2K with ΘCW ~-24.6 ± 0.4K and 
a µeff = 6.03 ± 0.02 µB. There is a deviation from Curie-Weiss behaviour below 25K, reflect-
ing a spin-liquid regime between TN and |ΘCW|. The frustration parameter f ~12.3 reflects 
the strong frustration that suppresses the magnetic ordering temperature. The dielectric 
properties exhibit a  significant down-turn of the dielectric constant below 25K. This 
is analoguous to the spin ice system Dy2Ti2O7. The frustration in  MnSc2Se4 gives rise 
to a  ‘spin-spiral liquid’ regime TN < T < |ΘCW|, in  which the spin-entropy is not fully 
released. The 1/Tα term in the dielectric constant below 25K represents the high tem-
perature tail of the spin-spiral fluctuations above the magnetic ordering temperature TN. 
Thus, the spin-spiral fluctuations of the magnetically frustrated A-site spinel contribute 
significantly to the dielectric constant at higher temperature. 
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Transition metal based compounds with Ti, Cr, Mn, Fe, Co, and Ni are essential for many 
electronic functionalities. These compounds show rich physics with complex structural 
features that lead to interesting magnetic and electrical properties. Specific transi-
tion metal oxides reveal coupling between magnetic and electric order. This coupling 
requires a balance between crystal structure considerations and electronic interactions. 
In  thermoelectric oxide materials, a balance must be found between the thermoelec-
tric power factor, which is directly related to the Seebeck coefficient and the electrical 
conductivity, and the thermal conductivity. Finding this balance is facilitated in narrow 
band gap semiconductors, where the band gap can be modified by either intrinsic 
defects, extrinsic dopants or vacancies. This thesis covers both types of balance. The 
magnetic and thermoelectric properties are investigated in twop-type semiconductors, 
CuCrO2 and Bi8Rh7O22, and magneto-dielectric coupling is investigated in  the A-site 
spinel, MnSc2Se4. Furthermore, we study the pyroelectric current (PC) and the ther-
mally stimulated depolarization current (TSDC) of CuCrO2, which provides detailed 
information about the defect states of the compound. Chapter 1 presents an overview of 
the fundamental knowledge on thermoelectric properties, on PC and TSDC measure-
ments and on magnetic frustration. Chapter 2 introduces the synthesis methods and the 
experimental techniques of structural, chemical and physical characterization utilized 
in this thesis.
 In chapter 3, we investigate the coupling between magnetic and dielectric order 
in the delafossite compound CuCrO2. In this structure there are alternating layers of Cu 
cations and edge-sharing CrO6 octahedra that are compressed along the c-axis. Both 
layers consist of two-dimensional triangular sublattices. The sublattice formed by the 
Cr3+ ions is antiferromagnetic and responsible for the induced ferroelectricity due to 
the breaking of inversion symmetry by an out-of-plane 1200 spin-chiral structure below 
the phase transition temperature TN ~24K. Thus, CuCrO2 presents spin-induced fer-
roelectricity, i.e. polarization is observed below TN in the absence of magnetic field. This 
characteristic should be observable in a pyroelectric current (PC) measurement, which 
is expected to show that the electric polarization becomes zero at the phase transition 
temperature. Indeed, we observe a clear PC peak at the ferroelectric transition when 
the sample is poled just above TN. However, dielectric and PC measurements show 
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additional features above TN. Maxwell-Wagner type relaxation is exhibited above 200K 
in dielectric measurements. Furthermore, when the sample is poled at 125K, three addi-
tional PC peaks are observed at ~50, 120 and 150K, which are unrelated to any phase 
transition. These peaks are called thermally stimulated depolarization current (TSDC) 
peaks. By studying the poling field dependence of the current, the origin of these TSDC 
peaks can be assigned to different mechanisms. The peak near 50K is consistent with 
defect dipole relaxation because the TSDC increases linearly with the poling fields and 
Tm does not change. The second peak near 120K is assigned to space-charge relaxation 
due to the release of trapped charges. Finally, the third peak around 150K is assigned to 
ionic space-charge depolarization. The space-charge related origins of the peaks around 
120K and 150K are consistent with the observation of Maxwell-Wagner type dielec-
tric relaxation originating from Schottky barrier formation at  the interface between 
the electrodes and the sample. The two TSDC peaks at ~ 120 and 150K are absent for 
a well-polished sample. This proves that they originate from surface defects associated 
with different types of trapped charge carriers. Thus, the TSDC technique is remarkably 
sensitive to the presence of small amounts of defects and trapped states even when they 
exist only near the surface. The observation of these TSDC peaks implies the presence 
of internal electric fields and interferes with the external field applied during a PC mea-
surement in a multiferroic. 
Because CuCrO2 is a narrow band gap semiconductor, the band gap is influenced 
by defect states. We investigate how the thermoelectric properties can be modified by 
reducing the crystallite and particle sizes. The grain boundaries can reduce the thermal 
conductivity by phonon scattering at  the interfaces. In  chapter 4, we investigate the 
thermoelectric performance for CuCrO2 samples with different crystallite sizes. They 
were synthesized using solid state reaction (SS), hydrothermal (HT) and sol-gel (SG) 
methods. The morphology of the particles from different synthesis methods is differ-
ent: very thin flakes of nanocrystallites (HT method), connected grains (SG) and thick 
hexagonal grains with clear grain boundaries (SS). The sintering process results in sig-
nificant grain growth, in which the small flakes in the HT samples transform to thin 
hexagonal grains and sintered SG powders exhibit a structure with less clear grains and 
boundaries. The small particle size leads to a lower thermal conductivity as intended. 
We observe that the activation energies do not noticeably vary with the grain size, even 
though the resistivity can be modified by more than an order of magnitude. This indi-
cates that the grain size reduction process does not change the nature of the conduction. 
This suggests that the current path has been changed. The random orientations of the 
grains in sintered HT samples reduces the current flow, resulting in a higher resistivity. 
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Thus, the morphology, particle interfaces and orientation have a more dominant effect 
on the resistivity and Seebeck coefficient, leading to a lower figure of merit ZT for the 
HT samples. As a result, the HT method is not advisable to enhance the figure of merit. 
The SG synthesis is more promising in optimizing the thermoelectric performance by 
reducing the electrical resistivity. If Mg-doping is performed successfully for SG syn-
thesis, we expect a further reduction in the resistivity and a significant enhancement of 
the figure of merit ZT of CuCrO2.  
Recently, excellent thermoelectric performance was obtained for cobaltate com-
pounds, in which the spin-entropy contribution provides a new mechanism to enhance 
the properties. In chapter 5, we investigate a new bismuth-rhodate Bi8Rh7O22, where rho-
dium is the 4d-element analogue of cobalt. Black shiny Bi8Rh7O22 crystals were grown 
from bismuth and rhodium oxides in a Bi2O3 flux. Structure solution from SXRD data 
reveals a new type of 2D layered structure composed of layers of edge-shared RhO6 octa-
hedra sandwiched by two double-bismuth-oxide layers. It can be considered as a new 
variant of the hexagonal CdI2-type layered structure of edge-shared RhO6 or CoO6 octa-
hedra. However, it is not a misfit compound. Rh in the compound is mixed-valent with 
an oxidation state of about 3.5+ and Bi is close to 2+. Bi8Rh7O22 is a paramagnet. Fits 
to the Curie-Weiss law for temperatures above and below 95K suggest that there are 
three spin ½ and two spin ½ atoms, per formula unit, respectively. This is consistent 
with the bond valence sum calculations for the different Rh sites. This material shows 
semiconducting behaviour with a low resistivity of 3.2 × 10–4 Ω.m at 300K. The resistiv-
ity is almost temperature independent from 250K to 800K. The resistivity also exhibits 
remarkable anisotropy between the ab plane and the c axis of the order of 104 at 300K. 
The power factor PF of Bi8Rh7O22 is ~2 × 10–4 W/(m.K2) at 600K. The layered structure 
with a reasonable PF at high temperature makes it a promising thermoelectric material.
In chapter 6, we study the dielectric response of MnSc2Se4, a  spinel containing 
magnetic cations only on the A-site. It orders antiferromagnetically at TN~ 2K with ΘCW 
~-24.6 ± 0.4K and a  µeff = 6.03 ± 0.02µB. The frustration parameter f ~12.3 reflects the 
strong frustration that suppresses the magnetic ordering temperature. Traditionally, the 
coupling between magnetism and the dielectric properties is small. In frustrated mag-
netic systems, this coupling can become stronger and is enhanced when competing mag-
netic interactions are present. The dielectric properties exhibit a significant down-turn of 
the dielectric constant below 25K. This is analogous to the spin ice system Dy2Ti2O7. We 
speculate that the coupling is caused by the presence of fluctuating spin-spirals in a ‘spin-
spiral liquid’ regime TN < T < |ΘCW|, in which the spin-entropy is not fully released. We 




Overgangsmetaalverbindingen gebaseerd op Ti, Cr, Mn, Fe, Co, and Ni zijn essentieel 
voor elektronische functionaliteit. Deze verbindingen vertonen een grote verschei-
denheid aan fysische eigenschappen met complexe kristalstructuren en interessante 
magnetische en elektrische ordeningen. Specifieke overgangsmetaal-oxides laten een 
koppeling tussen elektrische en magnetische ordening zien. Deze koppeling vereist 
een balans tussen kristalstructuur-overwegingen en elektronische interacties. In oxides 
voor thermo-elektrische eigenschappen moet een balans worden gevonden tussen de 
thermo-elektrische power factor, die bepaald wordt door de Seebeck coëfficiënt en de 
elektrische geleiding, en de warmtegeleiding. Deze balans wordt vaak gevonden in half-
geleiders met een kleine band gap, waarin de gap kan worden beïnvloed door intrinsieke 
defecten, extrinsieke doping of vacatures. Dit proefschrift behandelt beide types balans. 
De magnetische en thermo-elektrische eigenschappen van twee p-type halfgeleiders, 
CuCrO2 en Bi8Rh7O22, zijn onderzocht net als de magneto-diëlektrische koppeling in de 
A-site spinel, MnSc2Se4. Bovendien bestuderen we de pyro-elektrische stroom (PC) en 
de thermisch gestimuleerde depolarisatiestroom (TDSC) van CuCrO2. Dit geeft gede-
tailleerde informatie over de defecttoestanden van deze halfgeleider. Hoofdstuk 1 geeft 
een overzicht van de fundamentele kennis van PC en TSDC metingen en van mag-
netische frustratie. Hoofdstuk 2 behandelt de synthese methodes en de experimentele 
technieken van de structuur bepaling en van de chemische en fysische karakterisatie 
methodes van dit proefschrift .
 In  hoofdstuk 3  onderzoeken we de koppeling tussen de magnetische en de 
elektrische orde in  de delafossite verbinding CuCrO2. In  deze structuur treffen we 
alternerende lagen aan van Cu kationen en hoek-geschakelde octahedra die gecompri-
meerd zijn langs de c-as. Beide lagen vormen twee-dimensionale driehoek-roosters. Het 
subrooster van Cr3+ ionen is antiferromagnetisch geordend en verantwoordelijk voor de 
geïnduceerde ferroelektriciteit door de inversie symmetrie opheffing van de uit-het-vlak 
1200 chirale spin-structuur onder de fase overgangstemperatuur TN ~24K. Hierdoor 
vertoont CuCrO2 een spin-geïnduceerde ferroelektrische ordening, i.e. polarisatie wordt 
waargenomen onder TN in de afwezigheid van een magneetveld. Deze karakteristiek zou 
waarneembaar moeten zijn in PC metingen, waarbij de polarisatie naar nul gaat bij de 
overgangstemperatuur. Inderdaad zien we een duidelijke PC piek bij de ferroelektrische 
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overgang als we net boven  TN polariseren. Echter, diëlektrische en PC metingen laten 
additionele effecten zien boven TN. We zien Maxwell-Wagner-achtige relaxatie boven 
200K in diëlektrische metingen. Bovendien zien we, als de polarisatie plaats vindt bij 
125K, additionele PC pieken bij ~50, 120 and 150K, die niet horen bij een fase overgang. 
Deze pieken worden thermisch gestimuleerde depolarisatie (TDSC) pieken genoemd. 
Door de polarisatieveld afhankelijkheid van de pyrostroom te bestuderen, kan het 
mechanisme van deze TDSC pieken worden bepaald. De piek bij 50K is consistent met 
defect dipool relaxatie omdat de TDSC lineair toeneemt met het polarisatieveld en Tm 
niet verandert. De tweede piek bij 120K schrijven we toe aan ruimte-lading relaxatie 
doordat ladingen uit een val worden vrijgelaten. De derde piek bij 150K schrijven we toe 
aan ionische ruimtelading depolarisatie. De ruimtelading gebaseerde mechanismes zijn 
consistent met het waarnemen van Maxwell-Wagner gedrag ten gevolge van Schottky 
barrière formatie bij het grensvlak tussen de elektrode en het preparaat. Beide TDSC 
pieken bij 120 en 150K zijn afwezig voor goed gepolijste preparaten. Dit toont aan dat 
ze veroorzaakt worden door oppervlakte defecten. Daarom is de TDSC methode zeer 
gevoelig voor ladingen en defecten zelfs als ze alleen aan het oppervlak voorkomen. Het 
waarnemen van deze TDSC pieken betekent dat er interne elektrische velden aanwezig 
zijn die een aangelegd elektrisch veld van een PC meting beïnvloeden.
Omdat CuCrO2 een kleine band gap halfgeleider is, wordt de band gap beïnvloed 
door defect toestanden. We onderzoeken hoe de thermo-elektrische eigenschappen 
worden beïnvloed door kristal- en deeltjesgrootte. Korrelgrenzen kunnen de thermi-
sche geleidbaarheid van phonon verstrooiing reduceren bij grensvlakken. In hoofdstuk 
4 onderzoeken we het thermo-elektrisch gedrag van CuCrO2 preparaten met verschillende 
kristalliet groottes. Zij werden gesynthetiseerd door middel van vastestof (SS), hydrother-
male (HT) en sol-gel (SG) methoden. De morfologie van de deeltjes van verschillende 
synthesemethoden is anders: zeer dunne vlokken van nanokristallieten (HT-methode), 
verbonden korrels (SG) en hexagonale dikke korrels met duidelijke korrelgrenzen (SS). 
Het sinterproces resulteert in aanzienlijke korrelgroei, waarbij de kleine vlokken in de 
HT preparaten veranderen in  dunne hexagonale korrels en de gesinterde SG poeders 
vertonen een structuur met minder duidelijk begrensde korrels. De kleine deeltjesgrootte 
resulteert in een lagere thermische geleidbaarheid, zoals bedoeld. We merken op dat de 
activeringsenergie niet merkbaar varieert met de korrelgrootte, terwijl de weerstand ver-
andert met meer dan een factor 10. Dit geeft aan dat de korrelgrootte verandering de aard 
van de geleiding niet verandert. Dit suggereert dat het pad van de stroom is gewijzigd. 
De willekeurige oriëntaties van de korrels in gesinterde HT monsters verlagen de stroom, 
wat resulteert in een hogere weerstand. Dus de morfologie, grensvlakken en oriëntatie 
van de korrels hebben een dominant effect op de weerstand en de Seebeck-coëfficiënt. 
Dit resulteert in een lagere kwaliteitsfactor ZT voor de HT preparaten. Dientengevolge is 
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de HT methode niet aan te bevelen om de kwaliteitsfactor verbeteren. De SG synthese is 
veelbelovender voor het optimaliseren van het thermo-elektrisch gedrag door verminde-
ring van de elektrische weerstand. Als Mg-doping succesvol kan worden uitgevoerd bij 
de SG synthese, verwachten we een verdere verlaging van de elektrische weerstand en een 
aanzienlijke verbetering van de kwaliteitsfactor ZT van CuCrO2.
Onlangs zijn uitstekende thermo-elektrische resultaten verkregen voor kobaltaat 
verbindingen, waarbij de spin-entropie een nieuw mechanisme is om de eigenschappen 
te verbeteren. In hoofdstuk 5 onderzoeken we een nieuwe bismut-rhodate Bi8Rh7O22, 
waarbij rhodium het 4d-element analogon is van kobalt. Zwarte glanzende Bi8Rh7O22 
kristallen werden gegroeid uit bismut en rhodium oxides in een Bi2O3 flux. Structuur 
oplossing door SXRD laat een nieuw type 2D gelaagde structuur zien die bestaat uit lagen 
van zijde-geschakelde RhO6 octahedra en twee dubbele bismuthoxide-lagen. Het kan 
worden gezien als een nieuwe variant van de gelaagde hexagonale CdI2-type structuur 
met zijde geschakelde RhO6 of CoO6 octahedra. Het is echter geen misfit verbinding. 
Rh in de verbinding is gemengd-valent met een oxidatietoestand van ongeveer 3.5+ en 
Bi van 2+. Bi8Rh7O22 is een paramagneet. De Curie-Weiss wet voor temperaturen boven 
en onder 95K suggereert dat er respectievelijk drie spin- ½ en twee spin- ½ atomen 
per formule eenheid zijn. Dit komt overeen met Bond Valence Sum berekeningen voor 
de verschillende Rh posities. Dit materiaal vertoont halfgeleidende gedrag met een lage 
weerstand van 3,2 × 10–4 Ω.m bij 300K. De weerstand is bijna temperatuur onafhankelijk 
tussen 250K en 800K. De weerstand vertoont ook opmerkelijke anisotropie tussen het 
ab-vlak en de c-as bij 300K. De power factor PF van Bi8Rh7O22 is ~ 2  × 10–4 W/(m.K2) bij 
600K. De gelaagde structuur met een redelijke PF bij hoge temperatuur maakt het een 
veelbelovend thermo-elektrisch materiaal.
In hoofdstuk 6 bestuderen we het diëlektrisch gedrag van MnSc2Se4 , een spinel 
met magnetische kationen alleen op de A-positie. De verbinding ordent antiferromag-
netisch bij TN ~ 2K met ΘCW ~ -24,6 ± 0,4K en μeff = 6.03 ± 0.02μB. De frustratie para-
meter f ~ 12.3 laat de sterke frustratie zien die de magnetische ordeningstemperatuur 
onderdrukt. Traditioneel is de koppeling tussen de magnetische en de elektrische orde 
klein. In gefrustreerd-magnetische systemen kan deze koppeling groter worden en ze 
wordt versterkt door concurrerende magnetische interacties. De diëlektrische eigen-
schappen vertonen een aanzienlijke verlaging van de diëlektrische constante onder 25K 
. Dit is analoog aan het gedrag van het spin-ijs system Dy2Ti2O7 . We speculeren dat 
de koppeling wordt veroorzaakt door de aanwezigheid van fluctuerende spin-spiralen 
in een ‘spin–spiraal vloeistof regime TN < T < |ΘCW|, waarbij de spin-entropie niet volle-
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